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A b s t r a c t
‘J’llis pa]wr  dmcribcs the validation]] of ozone data fro]~] the lJppcr  Atmosphcm  Rcscarc]] Satellite
(lJAl{S) Microwave l,i]nb Sounder (MI, S). ‘J’lIc  MI,S ozone  retricwds arc obtai]]ecl from the

calibra.tcd ]nicrowavc radiances (elnissio]l  spectra) in two separate hancls,  at frequcmcics near 205
and 183 (;IIz. Analyses  dcscribcd llcrc focus on tllc M1,S  Version 3 clata (tllc first set of files

IIIadC  puMicly available). We dcscribc results of silnulations  performed to assess tllc quality of

t}lc  retr ieval  algori thms,  in terms of both mixing; ratio and radiance closure. 1~’rom actual MI,S
obscrvatio]ls,  tl]c 205 Gl]z OZO]]C  retr ievals  give bcttm closure (slnallcr radimcc rcsidua]s)  than

tliat frmn 183 GIIz mcasurcmcn]ts  and should  Iw col}sidmcd more  accu ra t e  f rom t}]c calibratio]l

as]mcts, IIowcvcr,  the 183 GIIz data arc less ]]c)ise-limited i]) the mcsosphcm and call p r o v i d e  t h e
]nost uscfu] scicu]tific results in that  region. We compare t}le  rctricwcd 205 Gllz ozone profiles in

tile mid-to  lower  stratcq]hcw  to ozoncxondc  mcasure]ncmts  at a wiclc  range of latitudes a]lcl
seasons. Ground-based lidar data from ‘1’able hlountai]], California, proviclc a goocl  refcrmlce for

c o m p a r i s o n s  at IIigl]cr altitudes. IIasecl 01] thcm ana lyses , compariscms  with balloon -bor]lc

]ncasurcmmts  a]]d  others, as W C]] as a dctai]cxl budget of cstimatcxl ullccrtai]ltim,  MI,S results
:ip]mar to bc gcncral]y  of high qua]it.y, w i th  some  I)iascs worth Incntionin.g.  Rcsu]ts  for the

]owcr]nost  s t r a to sphe re  (~ 50 to 100 hl’a) arc still i]] nccc]  of improvmncnt.  A set o f  e s t ima ted
])rccisio]] and accuracy values is clcrivccl  for tllc hl 1,S OZOI]C  datascis. WC also com]ncmt 0]] rcccmt

u])datm  i]) tllc retr ieval  algoritll]ns  ant] tl]cir i]npact on ozone  va lues .
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1. Intrc)duction

‘lJhc Microwave l,irnh  Sounder (MI,S) aboard the
lJppcr  Atmosphere Researc}l Satellite (UA RS) has
bmt }]crforming  elnission  measurerocnts  of the upJwr
at]nosl)herc  on a global scale, day and night, since late
Scpterntm 1991. 1 descriptions and analyses of these
and other  (JARS observations have been ctescribcd  in
a variety of articles; in particular, special issues deal-
ing with UARS results can be forrl)d  in t}ic Geophys.
Res. I.ct/.,  Vol. 20, No. 12, 1993, and the J. At7nos.
.%., Vol. 51, No. 20, 1994.

“1’lLis l)apcr  adresses the quality of M1,S ozone
data, their expected uncertainties (both random and
systematic) as well m their de]nonstrated  accuracy,
based cm colnparisons  with other datascts. ‘1’his ill-
forjnation  should bc of use to those attelnpting to use
M1,S 07,0nc data, whether for co] IlparisoIl with other
datrrmts,  for absolute values to be used for cxam~)lc
i]) radiative calculations, or for tcm]joral  and spatial
variations, where precision matters Ioorc t}lall accu-
racy. Since M 1,S ozone rneassurcmcnts arc made fro]n
two independent radio~oeters  (near frequencies of 205
G]lz  and 183 Gllz), wc discuss the quality of both of
these datasets. IIowcver, we focus on the more accu-
rate 205 Gllz results, at least in the intercomparisons
with other  datascts. Adclitional  analyses of the 183
Gll~, ozouc data i]l the rnesosphere  (w}mre the Incm-
surernent  sensitivity is better than for 205 GIIz) are
l)rescntcd in Ricaur/  et al. (1994), in rclatio]l  to ]]lc~d-
CIS and ground-based lncasurernents.  Several valida-
ticm workshops }Iavc been held among UARS inves-
tigators si~lce the launch of lJAIW,  and the evolving
rcsu Its froIn t}lose workshops have been documented
(SM e.g. Grosc and G’illc, 1994). Some valiclatio~i of
the zo]]al mean ozone values from MI,S lIM already
lmII ~m,vidcd ill comparisons with “1’OMS  total ccll-
uInn data (~ioidcuaux  d aL, 1994), where spatial a~ld
tel]l])oral  variations are gcnlcrally  in good agreement.
‘1’his includes  for exatn])le the observed dcvelopmcmt
of the C17,011C lIOIC  over Antarctica during southcr~l
wilitcr  al]cl sIming (see also IL4anncy et al,, 1993; Wa-
ters  cf rd., 1993). Another, ICSS direct type of valida-
tio~l exists ill the form of observed ozone variatio~ls or
wrivcs (e.g. Canziani  ct al., 1994,  I<lsoti d al., 1994,
Ray cf cd., 1994), to the extent that such variatio]]s
can be understood, ~nodcled,  or “du~dicatcd’) in other
datascts (current or past).

III this slmcial issue on validation of lJAlU3  data,
wc dcscritm in more detail certain asJmcts of the hf 1,S
OZOIIC  ]Ilcamrc]ncnts  (section 2), data processing ancl

rctricwal s~~ccifics (section 3 and Appendix), radiances
allcl closure for both  simulated datasets and actual
data (section 4), estimated unccrtainticx  based on ex-
~wcted sources of error (sectio:l 5), and comparison
results (section 6). ‘1’he  comparisons here focus on
IIC)II-UARS  datascts, because for ozcme at least, there
exists  a large aInount  of accurate correlative data. We
co]llinent  only briefly here on other existing satellite
clatascts  (see section 6); note that a significant source
c]f validation for hfl,S ozone can be found in Cun-
tlold ct al. (1 994a) (see also Grose and G’illc, 19!J4),
where statistical comparisons are ~nadc with coinci-
dent ozone profiles from the Stratospheric Aerosol
aTIcl Gas l’;x~mrirnent  (SAC;  F,) 11 ozone data. Also,
ccnllparisons  of IJARS ozoIIe Inca. surcrncnts  to each
c)tllcx a~ld to other  datasets can be found in Grose
and Gillc (1994) and also i]I Gtmnold CL al. (1994 b).
WC ]mc,vide a su~nll]ary  of accuracy ancl single profile
})recision  values (see sectio]l 7) for tile MIS Version
3 CMOIIC  datascts currently available. UJ)dated results
and l)lans for continuing itnprovcrncnts  arc described
ill section 8, before the concluding surn~nary.  Wc note
that t}lis special issue of J. Gcophys. lies.  contains
validation pa~)crs  for other at][iospheric  parameters
from M 1.S, naInely  tangent pressure and temperature
(Fishbcin  ct al., 1994), clllorinc monoxide ( Waters  et
al., 1994), and water vapor (Lahoz et al., 1994). III
addition, 3amot CL al. (1 994) cliscuss the calibration
of hf],s radiances, a topic of Inrrch rclmance  to the
validation of at[[losphcric  paratnc%ers.  Furthermore,
a detailed description of the forward IIlodcl used to
calculate radiances which are tabulated and used as
l,art of the retrieval ~moccss  is fort}  lco~rling, (l{cad et
al., in preparation).

2. Measurements

IJARS M 1,S xllmsurenlcnts  are obtained frol[l ot>
servations  of millilnctcr-wavelcn  gl,l} thcr~nal c]uission
as the instru~ncnt  field-of-view (FOV) is vertically
scarlned through t}lc atInos]J]cric  li]llb. A general de-
scription  of ]Ilicrcnvavc  limb sounding  and its features
is givc]I by Watcrx (1 989, 1993), and the lJARS  MI,S
i~lstrurnent is described by Barath  ct al. (1993).

Each of the 3 M1,S radiometers (nalned  ‘(63 GJIz”,
‘[205 G117:’  , ancl ‘[l 83 G] lz” radic)][leters  because of
tlIc frequency near  which they operate) receivm crnis-
sio]] - si~nu]ta~lcously  - ill a set of filter banks,  eacli
s])arrnil]g 510 hlllz in frequency s~)ace with 15 colI-
tiguous  channels of varyi]lg width (see IIarath  et al.,
1993, ~arv~oi et rd., 1994). 1’lIc 63 G}lz radio~~leter



]ncasurcrnents  (M 1,S baud 1 ) provide tangent pres-
sure and tmn]mrature  information from 02 emission
s})cctra,  the 205 GIlz  radiometer provides chlorine
~no]loxide - CXO - (bands 2 aucl 3) and ozone (band
4), while the 183 Gl]z  radiometer measures emission
lines of water vapor (band 5) ancl ozone (band 6).
II) this paper,  wc will commonly refer to the 205
a u d  183 G117, c)zonc data ,  fol lowing the al~ovc ra-
diolllcter  designation. ‘J’hc ozone lines are ccntcrcd  at
206.13205 Gllz (1 .45 ~nm wavelength) aud 184.37782
G]lz  (1 .fi3 mln  wavelength) ,  as  Iistcd iri ]’ickctt  d
rd. (1992). ‘1’his spectral data cat alogue and the
rcfcrenccs therein arc the basis for the spectroscopic
calculations used to Inodcl the ozone emission, alo]lg
w i t h  t h e  lincwidth  rncasurcrnent  by CM and Cohen
(1 992). “1’he  M1,S instru]nent  uses double-sideband
hcterodyuc  radiometers: signals from two sidebands,
equally-sllaccd about the local oscillator frcqucmcy,
arc co]nl)i~led  (with slightly unequal weights) into a
single r])easurcxncnt. ‘J’he weights, or sideband ratios,
arc Incxwurcd  for each channel as part of pre-launch
ilwtrulllcllt  calihratioll  (SW .lrrrmot c1 al., 1 994). ‘1’he
]Jrirllary sidchand  ~neasurcs an atJI)OS~)heriC S} YJCieS
of intmrcst;  the other is referred to &s t}lc i]nagc
sidebal)d 1 Fig. 1 SIIOWS calculated radiarlccs  in the
slmctral  do~nai]]  covcrcd  by the 205 Gl]z  radicnoctcr,
where ozone and C1O elllission arc the primary M 1.S
targets, for ty]]ical u])per  allcl lower stratos]hcric  sig-
]Ials. Both  pri]nary  a]ld image  sidebands arc show])
ill Fig. 1, for tllc MLS bands 2, 3, aud 4 Incmtioned
almvc. llscful  illfor]natioli  01) other spccics that clnit
i]) tl]is regio]]  has also been ol)taincd;  this includes
S02 fro]l]  the Ntoul)t }’inatul)o cruptiorl  (}/cad cl al.,
1993), }1N03 (Santcc  d al., 1994), and tropospheric
1]20 (I{rmd et al., 1994). Other co~ltributions  illcludc
cl[lissio]) fro]n  the wing of a N20 line outside the tar-
get l)a]ldpa~s, whit]] bccorncs significant only i~l the
lowm[lost  stratosphere, and very sll]all c]nission fea-
tures  fror]]  1102 and a heavy (syln!rlctric  01800  iso-
to]m) 07jo]le  ]inc. A figure si)ni]ar  to Fig. 1 is SIICJWII
in l,aho.z CL al. (1 994) rcgarditlg  the emission features
relcvallt  tc) the 183 G117, radio~ncter,  which includes
tlie otllcr  ~)rirnary ozone line as we]] as the 1120 ]inc
targeted by MI,S. ‘1’hc 183 G1lz OZOIIC  line is four
till]es slro]lger  thali  the 205 GIIz line, and t}lus pro-
viclcs better signals for the lncsospllcxic rcgioll. IL is
cssmltially  frcw of conta~[linant  species, exce~)t for tl]e
lowcr]]lost stratospllcrc,  where JIz O co]ltinuu~n  clnis-
sio]] is ]msc]lt.  Also, excess radiation (in co~nparisoll
to ~nocle]  radiances) is rncasurcd  by MI,S in the es-
sentially  “lil]c-free” s]wctral  do~l]aill  of l)and 3 below

atlout  30 km tangent bcight,  even in very dry regions
c)f the atrnosp}mc.  A contribution fro)n  the collision-
induccd spectruln  of lnolecular  ]Iitrogc]l  ancl oxygen
is probab]  y responsible, aucl this continuum, referred
to as “dry air continuum”, has been fitted  ernl)irically
a~lcl included in the calculated radiances for all MLS
l)allcls.  Wc discuss ill section 5 tllc ])otelltial  co]~tri-
I,ution  to ozcmc ]nixing  ratio errors (systmnatics)  of
il]accurate  knowledge of the various aforelnentioned
])aramctcrs,  wllicll call contribute t,cI elnission in the
ozone band region.

It can bc shown ( Walers,  1993) that the rela-
tive contribution to the measured lirl]b mnission:, for
o]]tically-t}iiri  situatio]ls,  l)as a Gaussiarl  distribution
along the observation pat]l,  with center  at the tan-
gent point and width equal to the resolution along
the line of sight - J>erpendicrr]ar  to the UARS veloc-
ity -, nalnc]y W400kn~.  MI,S, under  normal  opera-
tions,  ])crfornis a co~npletc limb scan with radion-ict-
ric cali~mations every 65.536s - a “MIS major frame”
duriug  which onc atmospheric lmofilc  is retrieved for
each species of interest. ‘1’he lilnb  sca[l used in nor-
mal operations (see ~arnot  et al., 1994) consists o f
discrete ste~)s bctwcerl  about 90 ancl O kln tangent,
IIcights, with step spacing for the scar) varying t)c-
twccn *I km in the lower stratos]hcm  to .w5 km in
the rncsos])herc;  individual spectra arc rncasured  dur-
ing 1.8s dwells (’<MI,S ~ninor franies”  ) bctwccll steps.
(~alibration  of tlte radiances occurs during each limb
scan, when the M1,S switching mirror “switches” to
views of the internal black])ody target or space (at a
tcrnj)craturc  of 2.7 K). ‘1’lLe UARS orbital lnoticm (7
ktn/s) during the limb scan smears the profile nlca-
surcments  over *400  km i~l a direction perl)cudicular
tc~ the MIS li]le-of-sight. ‘1’hc  FOV vertical extent
at the tangent point for the ozorlc nlmsuremcxlts  is
W3 k~n, the approximate illhercnt  vertical resolution
of the )rleasure~ncnts. As discussed below, tl]e MI,S
\/crsjoll  3 data arc produced on a vertical grid with

points s])accd eacl] factor of 101/3 (or 2.15) change
ill atlllospbcric  pressure, giving a vertical resolution
of 5.4 kln (for a 7 knl pressure scale height). At~no-
s~J~cric pressure at the tangent point  of the obser-
vation  path is simultaneously measured by observa-
tions  of thcrInal  emission fro]n  xnolccutar oxygen, and
this provides the vertical coordi]latc  for the ]~rofile
retrievals.

‘1’lIc rncasurcIncnt  latitudinal coverage is from 34°
on onc side of the equator to 80° on the other.
UARS performs a yaw rnaucuvcr  at *36 day intervals
(a “UARS month”), whe]l MI,S high-latitude covcr-



age switc}les between north and south. Within each
UAltS  ~nonth, the UARS orbit p]anc precesses slowly
with respect to the earth-sun line. The  orbit preces-
sion causes the rneasurerncnts  to swec]) through es-
sentially  all local solar times during the course of a
UAR.S month, becoming 20 minutes earlier each day
at a fixecl latitude.

3. Data Processing

1 lere, we give a description of the general tech-
nique used for all MI,S Version 3 retrievals, with so]lle
rllathcrllatical  details given in the Appcr!dix. We also
}jrescrlt specifics of the retrievals for Version 3 ozone,
which is the focus of most of the renlainder  of this
palJcr. Retrieval specifics for the other primary hl 1,S
]jroctucts are in companion papers by Fishkin et al.
(1994) fcm tangent pressure and temperature, Wakrs
et rd. (1 994) for CHO,  and Laho2 et al. (1994) for
1120.

MI,S data processing produces individual files ccm-
taining rneasurernents  made over a 24 hour period,
from O to 24 hours UrJ’ on each day. “1’here are two
r[lajor st,cps to the processing. ‘he first converts
raw engineering ( “Level O“) data from the instrument
tele]llctry  into calibrated radiances and other cngi-
nee.ring diagliostics,  and pr-oduccs a “Level 1“ file.
Jarttot et al. (1 994) dcscribc  the MLS l,evel 1 proccss-
iri.g. ‘1’hc  second processing step converts calibrated
radiances frorll daily level 1 frlcs into geophysical
data, }Jroducil]g “l, evel 2“ files (geophysical param-
eters  and cstin)atcd  uncertainties on a vertical grid
chosen I)Y t}m instrulncnt team). The Ijevcl 2 pro-
cessillg step for MIS also produces ‘(level 3A” files,
which are geophysical parameters (one fllc per param-
eter)  orl a vertical grid cornlno~l  to all UARS iustrw
rllerlts producirlg  atrnosJdleric  Jmofilcs.  There are two
sets of l,evcl 3A f[lcs:  (1 ) l,evcl 3AT which has pm
files cclua]ly sJ)accd in time intervals of 65,536s, ancl
(2) l,cwel 3AI, which has profiles equally spacecl in lat-
itude irltcrvals  of 4 degrees. There are typically  1318
or 1319 J)rofiles  ill each MLS l,evel 3A1’ file, and about
840 J)rofilcs  in each MIA Level 3AL file. Additional
I)roccssing  of lmvel 3A], film, described by Rctm a!~rf
}~uurtg (] 994), produces Level 3}] files which corltain
data cornrllonly griddcd  in the llorizor]tal  for all UARS
illstrurllents  proc]ucirlg  l,evel 3A], data; these files car)
bc used to generate  “synoptic” fields of rncan ozorle
and its wave corn] )oncvlts, but various investigators
arc ~moducing
sw Mson and

their OWJI version of such fields (e.g.
Froidct)aux, 1993). Finally, each daily

set of M 1,S l,evel 3A’1’  and l,evcl 3A]. files has an M-
sociated  ],evel 3P’J’ and I,evel 31’1. file (named Level 3
J~ararncter  files); these files contain additional infor-
mation)  such as diagnostics of the quality of the re-
trievals  for each band, and the overall status of each
r]lajor frame of M 1,S data. It is strongJy recornrncrldcd
that the latter flag be monitored arid used to discard
bad data (also detectable by checking the sign and/or
magnitude of the estimated uncertainties available iri
level 3 files, as described below); although bad clata
are a rare occurrence on a typical day of MLS data,
tllcre  are certain days/J)  eriods  when ccrtairl  or all
h41,S  r]]easurernents  are bad or unavailable, yet cli-
rl Iatological  (a priori) inforlnation  can still be founcl
ill the data files. A brief  sumr[lary  of sornc of the
above issues and other caveats specific to the cur-
rently  available MI,S data files, M well m a complete
description) of the MLS file contents, is in the Stan-
clard For~natted  l>ata  Units docurncntatior)  availatde
frcm the NASA Goddard Space Flight Center Dis-
tributed Access Archive Cerlter  (I)AAC).

lktrievds

Jig. 2 is a scl)crnatic  of the UARS MLS rrlea.~urc-
rnent geornctry. Although not showli in the figure,
t}lcre are 3 separate racliorneters,  eacl] viewing at
slightly diflere]lt  elevatiorl arl.glcs (drrc to oJ)ticai  de-
sign constraints) for a given scar) position reference
J)oint, given by tlic 63 GIIz radioroctcr  field of view
(FOV) direction. ‘J’hcm angular  diflerenccs  (]nea-
surcd pr ior  to  launch,  scc Jarnot et al., 1994) arc’
referred to here as r$x and r$X’ for the 205 Gllz
and 183 Gllz to 63 G}lz FOV elevation differe]lces;
they correspond to about -290rn  and +-50 m irl tarl-
gent altitude difference, respectively.rl’he cquatic)n  of
radiative transfer is used to calculate tile radiances
c)riginatingfroln  various tangent points (e.g. }’1 and
1’z in the figure), as the antenna FOV sca~ls the at-
]Ilos})here  at dificrcnt  elevation angles ( e.g. Xl and
X2). ‘J’llc calculated lirnt) radiance values are thcr]
corlvolvccl  over the antenna J)attcr]l arlcl t}lc cllanncl
Jilter resJ)onse  ( s e e  3art10t CL al . ,  1994; Read ct rd.,
J~al)cr in ~meparation).

“J’hc al]lmoacll used }lcrc for retrieving geoJJlysi-
cal I~ararncters of interest, such as tangc]lt  pmsurc
(})ta,,), te]ll]>eraturc  (2'), arldrl~ixirlg  ratios(~)  fro]”
tl,c MI.S calibrate dradiatlces  (I,cvel 1 data)  istmed
011 sequential estir I]ation, as first apj)Jied tc] l imb
sou]iding by liodgcrs  (1976). “J’his tecl]rlique coln-
Lirlcs a Jmiori inforlnation  (such as climatological  pro-
files with an associated error covariance)  with rnea-
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sureJnent  inform  at,ioll, to Jmoduce a so]ution  for the
dcsirmt  pi~ramctm-s, or state vector z and associated
error covariance  matrix S. ‘1’he a priori  “state vec-
tor” is usccl to stal,ilizc  the solutiol)  in regions of poor
scn)sitivity,  and to provide some continuity. For e.xam-
],le, tallgcml. l>ressurw a ~Jriori values in regions of I)oor
lnmsurcmcnl-  sc]lsitivity  arc obtained from the hydrc+
static cqu riticm relating changm  ill ~mcssurc tc) c}langm
ill IIeightj (h); h is given by (Rs cosx/T~)  — Rlj, where
RS is tile earth center to satellite distance, RF; is the
earth radius at the subtangent  point, and n is tl]e
index of rcfractiorl  at the tangent J>oint. ‘1’hc  angular
cl)an.gc bctwmm  Xl and X2 in Fig. 2 is largely caused
I)y the antenna scan lootiol]  bctweml nleasurwnent,s  at
different ]ninor  fralncs,  but also by the spacecraft roll
colllJ)ollcmt. ‘1’llesc calculations serve as mtimatcs of
tallgcnt, J)ressure  at heights below 22 h]’a (for Version
3 clata),  wllcm the 63 G1lT, 02 line is C1OSC  to satura-
tion,  a~ WC]]  a< ill the top portion of the atmosphcm,
where M 1,S retrievals of IJta,, atjd 7’ arc not currently
reliable (SCC Fishtmin et al., 1994). lndcpc~ldellt  ]]a-
ratlictcnx SUCIJ as Its and IiIj  arc thcmforc  ~)art of tllc
state vcc~or, via their effect  on tllc a priori  mode] (or
virtual ~ncasurcnlcllt  niodc]). ‘J’he at)ove methodolo-
gy can be vimvcd  as a combination of the a priori
inforlnation  and tllc weighted least-squares solutio~l
to tllc lillcarizcd  equation rclati ng mcasurcrmmts  and
stat,e vector (see Al>]m~dix  for a sim})lc  derivation).

“lIIc rrldate of state vector  z is obtained usi~lg t}lc
following scquc)lcc of equations (see Rodgcm,  1976),
for cacll channel  radiance V; in a givc~l t,and (or
hands), and froln toj) to bottom of the at~nosphcrc:

wit])  startil~g  p o i n t s  g i v e n  by the a Jmiori values
&o = ~,a and So = SO; colu~nn vector  Ki  i s
given by the ith row of the weighting function ~rla-
trix K = dyc/&c,  c: is the ittl  diagonal clc]ncnlt of
the rncasurcxllent  error covarilincc matrix (assumed
diagonal  for the al)ovc equations), and wi is all ad-
ditional error terln  discussed below. ‘1’hc calculated
radiances y: and their derivatives Ki arc obtained
I)y table lookrr])  (for sJmcd of evaluation) from c]illla-
tological  col)cliticms; these values are tabulated for 10
diflcrcllt  ~l]onths (cn]c ]m- “~JA}tS ~llonth”),  8 latitude
I]ins  (fron]  70S tc} 70N i~l 20 degree incre]ncnts),  43
tangent Jmessums (cm the IJARS 1.3 grid), and for a.+
ccxldi~lg or descending sides of the orbit (for Doppler

stlift  correction purposes). Radiances arc interpolated
with resJ)ect  to tangent Jmessure using cubic splines
and with respect to other variables via t}]e linearized

for~n (bared on tabulated radiances ~ ancl state vec-
tor ~) so that the calculated radiances in equation (1)
arc given by

y:- ] ‘Ji-] +~(~i-l-  ‘) (3)

Given that this tabulated linear n]odcl is not as ac-
curate as the ccml~)lctc radiative transfcx rnoclc] .- SC)
closure may not be as optirnu~n  as desired -, we have
irlcrmscd  the radiance urlccrtainticx  (i by all “il~fla-
tm” factor equa] to 1 % of tl[e radiances -t 0.75 1{ for
I)arlcl 1 (SCC Fisbcin  et rd.,] 994), and by 3% of the ra-
diances  for bands  4 through 6; the factor was decmecl
unrlcccssary  for C10 (bands 2 and 3), since the root
Jllcan scluare (rrns) noise is large coln]]arecl to the ra-
diances ill ge~lcral  in that case. hforeovcr,  the term w;
also illcludcs  contributions fro~n  variables which can
aflcct the state vector components being retrievcc]  for
a ]Iarticu]ar  band, but which arc constrained to va]-
ucs Z,c, with error covariallce  SC. ‘1’hesc  uncertainties,
so]ne of wllic]l ~nay not lm purely rarldo]n,  will con-
tril)ute an additional factor K~~Si-. 1 Kci as part c,f w?
above. For cxarnJ)]e,  telnJmraturc  and tangent ]ms-
sure urlccu-taintics  - after their evaluation from band
J retrievals - have tllcir  uncertainties lmoI,agatcd  tc,
mixing ratio estimates in this way; also, uncerlaill-
tics arising  from velocities (I)oJJplcr  shifts) alon~ the
l~OV  direction arc trcatecl  in this fashion, wit]] no
values retrieved, but with the (a priori) urlccrtainty
cstirnates  included in the equations for mixing ratio
ul)dates.  lrl terms c)f the estimated error  covariarlcc
(whose diagonal elerncnts  give the Ur,ccrtaintics  in t},c
M 1,S data files), we note  that the retrieval software
~,roduces  uncertainties which are flagged as negative
u]lder conditiorls  of poor ~nca.surc~nent  sensitivity (see
cliscussiorl in next sub-section for lllorc details).

‘l’lie order of the rwtricvals  is cliosc]t as band  1 (l’to~
arid 7’), since I’tOn is nccdcd first  as a vertical coordi-
rlatc for geophysical J)ararneters  slid 7‘ is used ill the
radiance calculations for other bands, Larld 5 (1 120)

bccausc  of its potential irnJ)act OX] other species -,
ba~id 6 (ozo]le),  Lane] 4 (ozorlc),  ar]d bands 2 and 3
([;10).  ‘J’able 1 ~,rovidcs a list of the state vector co,n-
porlcnt,s whicl) are citller  retrieved or constrailic:d,  as
a function of band (listed in tile above processing or-
der).  An~o~lg tllc ])aralncters  not mcntio~lccl yet are
IJ, wliich represents rnagllctic  fielcl, for its Zeernan
sl]littillg  effects 011 the 02 line in band ], particu-
larly in the center channels arlcl in the ~ncsosphcm



(see Fishkin ct al., 1994). Also, wc retrieve a set of
basrdinc cJfscts 110~~  and (for bands 2 and 3) linear
cocfllcicnts  V’in, with one component for each minor
fralne;  the a priori values for these are based on the
previous minor frame (but with conservatively large
a priori uncertainties). Correlations among these co-
efficients (and for }’tan as well) are not rigorously
accounted for, since the software overwrites each of
thescvariablc  saftercach  lninorframc;  afullcrtrcat-
~IIcnt will bc undertaken in future algorithms if nec-
essary, although the effects on mixing ratios are not
expected tot.m very large (t.msed on tests already lmr-
forllled),  ‘J’here  are also so]ne parameters which we
IIavc not cxplicitlyincluded in the “J’able, but which
areim]dicitlyi  nc]uded in the forward )nodel,  or the a
~,riori  model.  ‘I’IIcsc  illcltlde t}le(~levatiorl  allglc Xatld
satellite roll angle, which enter in the apriori  tangent
pressure equation (described above), geometricquan-
titicsllccclcd  topcrfor  n~transfor~natio  nsbctwccn  the
1JA1u3 M1.S reference fra~[les  and the earth-centcrcd
fralnc,  as well as assumptions for N20, dry air contin-
UUII1 a~ld afewother  traccsl)ecics i~ltllc  (tabulated)
forward lnodcl  radiances. We xlotc also that 11N03
mnission contribution in band 4 wasincluded as part
of the tabulated forward model radiances (based on
c]illlatology),  but nol IN03  retrievals were attempted
in Vcrsioli  3 data.

Noattc~nJ)t  is~nadctoiTlcludc  “lnemory’’froxnonc
scan profile (or retrieval) to the next (see Rodgcrx,
1976) ,  cxccpt  throug})  the a ])riori ( tangent pres-
sure evaluation and climato]ogical  geophysical parallJ-
ctcrs).  ‘J’llis  was done to preserve independence tre-
twccn consecutive profiles (and to minimize propaga-
tio]l of ‘%ad”rctrievals), and because it wzw not obvi-
ous frolll test results that such smoothing (filtering)
along the tangent track would give rise to significantly
better rwtricvals. Another important feature of the
hl 1,S retrievals used in the production of Vcrsio~l 3
data is tllc use of an “opacity criterion”, which elimi-
nates  rad iancm corres])onding  to large optical del)ths
alol)g tlie line-of-sight, because of non-linearity coll-
ccrns (given the non-iterative linear schc~ne  used so
far).  ‘J’his is IIot  usc.d for band 1, since a ]Ioll-linear
calculation of radia~lces is used for this band. For
all other ba~lds, if one ig~lores  the image sideband
contribution to tllc radia~lcc, a particular radiance at
fmqucncy v call be writte]l  (ap~moxilnately) as

Y(V) = 
9;)(V) 2L,, ( 1  –  c- 7P(U))

(4)

wllerc gf,(lz) is the prilnary sictcballd  gain factor,  ~i~~l
i s  tile ta~lgcnt J)oint tc)n]mraturc, a~ld TP(u) is the

o]jtical  depth along the line of sight. This leads to
all estimate of the optical depth, given an estimate of
~;~,, - froln band 1 retrievals -, and tho measurement
~(u), nrn[”lcly

Tp(r/) =  --/?1(1 -  y(v)/gf)(~) man) (5)

W’lien  this esti~nated  o])tical dept}l is greater than
u]lity, the radiance is ignored in t}le sequential es-
til[latc uI)date  equations.

So~nc of the software features described above are
ex~)cctcd to change i[l future iterative IIon-linear rc-
trieval  algorithms, w}lcre lnore  o~Airnum  use can be
~rlade of the MI.S radia~lces,  with essentially no radi-
allcc cut-of f criterion, allcl a rcwvaluatioll of the radi-
allcc error inflator factors as l)art  of the I)lans.

Vel”sicm 3 Data

‘J’lie constituent profiles used in Level 2 files for
tile M 1,S Version 3 data are rcprcscntecl as picccwise-
lillcar  in mixing ratio versus logarithm of atmospheric
~)rcssurc, with brcakI)oints  at pressure surfaces of
]()()0 x ]0--m13hl’a  where n is an integer. For ozcme,
the starting and ending values of n arc 1 and 19, which
corresponds to pressures of 464 ancl 4.6 x 10-4 hl’a,
res]}ectively;  these fixecl boundaries were chosen very
co~lservatively.  A subset of this vertical range, ~[lost
Useful for scientific analyses, will bc recommended
later in this paper. l’hc  UARS I,evel 3 pressure grid
(1000 x 10-nlG  h}’a values) is twice as fine as  the MIS
],evcl 2 grid, and we have simply averaged the adj a-
ccmt I,CVC1  2 grid values to fill in the I,cvcl 3 grid on
t}lc “odd” IJARS surfaces. ‘J’his leads to a reductio~l
ill the variability (e.g. about the zonal lnea~l) for these
odd pressure surfaces, coxnpared  tc} the cvcIi surfaces,
since the averaging J)roccss reduces ra]ldo~kl  ~loisc.

‘1’hc error factor added  to the radiances (see the
sut+scction  on retrievals above) to account for so~lle
c~f tile forward lliodcling  unccrtailltics  was set at 3%
of the radiances in both ozone bands. ‘1’he opacity
criterion used to discard radiances because of ]Io~i-
linrarity effects  wa< set to unity.  Finally,  i t  was
foutld fro]n silnrrlatiolls  that better retrievals were
c)htaincd  if radiances arising froln tangent pressures
larger than 100 hl’a  were not included, at least  for
tile noll-itwativc retrievals USCCI to produce Vcrsio]l
3 data. A Il]ore opti~nutn usc of all cllannc]s  will bc
sought ill future software upgrades.

An example of the a priori values used for oxo~lc
is givcl]  ill Fig. 3, for tl[c l[lonili of !%])tcnlt)cr. l’hc
ozmtc clilnato]ogy  file wa< proviclcd  by lllclnbcrs  o f
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the UAIL$ community, bawd  on values give]] by KCUL
ing d rd. (1 989a, 1 f189b),  with extrapolations for the
]Joorly rcprmcnt,ed lower stratosphere (at pressures
Iargcr that]  20 hi%). Moclcl values from the l,awrence
I,ivcmlore  National laboratory 2-D modcd  were used
to fill in the trolJosphcric  “climatology”; relrlaining
][iissing  data in the lnesosphcre  and above were filled
in with staudard Inictcllc latitude values from the Cal-
tecll/JI’1,  1-1) photochmnica]  model. A ]Iriori urlcer-
tainties arc gcncral]y  c}losen conservatively (i.e. large
values arc used) in order to mitIimize  possitrle bia..es.
For OZOJIO,  a 3 ])]nnv a }niori uncertainty is used in the
stratos])llcre  down to 50 Ill’a, with a 2 ppmv uncer-
tainty at, 100 h l’s, and significantly tighter constraints
in tllc tro}los]hw,  where no attempt is currently bc-
il}g l]ladc to mtricve  ozone (cli)natologica]  fields are
found tllcrc  ill the MI,S data files). A priori uncer-
taint,ics  clecrmsc s]noothly  with decreasing pressure
in the lncsosld]ere,  until about ().2 }11’a, above which
an uncertail)ty  of 1 p}unv is assumeci. Based on sen-
sitivity tests of the ildlurxce  of a ~)riori  values, we
find that the 205 Gl]z  ozone retrievals are affected
it] a IIon-ncgligib]c way by the a priori for prwssurcs
tlcar 100 h]’a slid above about 0.46 hl’a;  for the 183
G]lz  retrievals, these boundaries occur ~le.ar 46 hI’a
aud ahovc about 0.046 hl’a.  ‘lJhe use of a ‘(global’t
a priori mlccrtainty is clearly an ovmsitnplification  of
the variability of the real atlnospllere.  l’hc  l)ossibil-
ity of larger-tlia]l-appro]miatc estimated uncertainties
ii] the rctricwd ]mofiles  exists  as a result of this a~~
])roacll,  for regions like the lowermost stratosphere
whwc ~)oorcr  lllm.wrrmnent sensitivity exists (see sec-
tion 5); however, this is a safer approach than the
usc of a ])rjorj uncertainties which arc too slnall,  since
this can lead to undesirable biases  with unrealistically
sl[lall estinlatecl  uncertailltics.

A s  ]Ile.l)tioned ill the l]revious srrb-sectiou,  a diag-
IIostic of the relative sensitivity of rneasure~nents  aucl
a priori call bc obtained by considering the ratio of CS-

tilnatcd uncertainty (in the retrieval product) to the
a ])riori unccrtaillt,y.  “1’ypical (average) values of this
“error ratio’” arc shown in Fig. 4 for both ozone re-
trievals  at two sclcctcd  latitudes, oll %ptcrnber  17,
1992, ‘]’his function  is characterized by values near
unity wllcrc. no Incrwurcment  infor~nation  exists, val-
ucs close tc) zero (at)out  0.1 to 0.3 IJcre) where sig-
IIificallt  ]Ilcasurcnncnt inforlnation  exists, and a stcwp
gradient ill the transition regions where an increasillg
colltributiol  i colnes fro~n  the a priori. Fig. 4 shows
that, below w 1 111’a,  ozone from the 205 G}Iz  ra-
dicnlw.ter provicics  a sligl)tly  more sensitive measurc-

]l]erlt  than the 183 GHz data (for Version 3 results).
Above 1 h] ’a, the 183 GIIz ozone measurements be-
ccm~e increming]y  more sensitive in com~)arison  to the
205 G}lz retrievals; thus, the 183 GIlz  data arc rec-
orl~mcndecl  for studies of rncsospheric  ozone, even if
the exImctcd accuracy is less than for the 205 GIIz
ozone (see section 5).

‘1’he “error ratio” is used to qualify retrieved val-
ucs in the MLS data files. When  the error ratio is
greater thau 0.5 (a fairly conservative value, within
the stecJdy increasing region of Fig. 4), w’l)icl} lncans
that tllc a priori contributes ~nore thart 25% to t,}lc re-
sult and the rllcasurernent-rcla  tccl uncertainty is more
than 1 /<3 (or 0.58) ti~ncs the a priori urlcertai]]ty,  the
e.stilnated  uncertainties are flaggccl  with a negative
sigtl. This alerts the user that poorer measurernrmt
sensitivity  is cxpcctcd,  and the usc of data values in
time regions is cautiorlcd  against, since essentially
no MIA measurement inforlnation  exists beyond the
flagged Loutldarie.s. q’he Vcrsioll  3  clata s}low vari-
atimls  ili error ratio versus latitude, I)articularly  for
the 183 GIIz OZOIIC  results, bccausc  more channe]s
are being discarded from the retrieval ])roccss  near
the equator ill the lllid-stratosphere. Fhrture algo-
rithms will avoid this by itcratiug over the retrieval
~Jroccss  until convergence is reached, tlicrehy  allowing
all c}la~lrlels to be used to their fullest potential. Such
issues are less critical iu Version 3 205 Gllz results,
si[lcc essentially all channels arc always being used in
t}lc current  algorithms; however, sorrle improvellwrlts
ll)ay be obtained via r[lore accurate retrievals of other
parameters (such as tangmlt  pressure, tcln]m-aturc,
slid 1120)  which can have some ilnpact 011 tile ozone
valrrcs (see scctioll  5).

A vcragillg  kernels are another, more formal, cx-
prmsion  of me~~urcmcmt  sensitivity used irl the cle-
sc.ri])tion of error  charactmizatiorl  (see Rodgers, 1990;
A4urks  and  I{odgrm,  1993). The rows of the avcragi)~g
kernc]  matrix rcprese]lt  lleig}lt-dcj)cr]dc~lt weighting
factors by w}]ic}l the true atlnosphcric  ~mofilc is Inul-
ti~)lied to give the retrieved profile. ‘1’l}e.se funct,io]ls
arc given ill IPig. 5 for hi 1.S ozone retrievals repre-
se~itativc of Versio]l 3 data, ill both frequmcy  bauds.
‘J’hc kernels provide a rne.asrrre  of profile sensitivity to
c.tlallges  in tllc true profiles, a~ld arc cqrral to unity
if IlCJ a priori irlflucllcc  exists; their vertical widtlm
give a rncasurc  of vertical resolution (sllloot}ling of
tlw true profiles). “1’hesc figures corlfirln  the informa-
tion, ],rovidcd above, rcgardi~lg  the relative smlsitivity
of 205 and 183 G1lz retrievals in the current M1,S
algorithllls.  Some degradation in measurement serlsi-



tivity can be seen in the lower mesosphere  and at 100
hI’a for the 205 GIIz ozone data. ‘1’hc  sensitivity is
slightly worse for the 183 Gllz rmults  at 100 hI’a and
also at altitudes somewhat above this (for example in
equatorial regions - see Fig. 4 -; note that the kernels
ill l’ig. 5 are for ~nid-latitudes). ‘The larger values of
averaging kernels for the 183 CTIIZ data in the meso-
slherc imply  greater sensitivity ill that region tharl
for the 205 G}lz data (SCC also Fig. 4).

4. Radiances and Closure

l]) this scctio]l, wc examine the M1,S ozone radi-
ances,  bc)t,h fro~n si:llulations  pcrfor]llcd  in an idcrlti-
cal frwhiorl  to those  producing Version 3 data, and
from the actual data. “1’he issue of closure is dis-
cussed by analyzing radiance residuals (observed or
silllulatcd  radiances minus radiances calculated fro~ll
the retrieved profiles), as well as diagnostics related to
the goodness of fit for these racliances. Furtherlnore,
profile residuals can also provide information o]) re-
trieval  cluality, in tile cam of simulations. For the
production retrievals, wc discuss known artifacts a~id
caveats (wit}l  Illorc illforrllatiollin  section 6, based orl
corn] )ariso]ls  with other datascts).

‘J’his subscct  iorl dcscrihcs  results of simulation stud-
ies, in order to understand “numerical errors” arising
fro~ll the software used to create the Version 3 data
files.  WC dc~ rio$ expect this software to he corn-
])lctely c)ptirllum, since it is based on assumptions
of lil]carity  and does not fully utilize the cornp]ete
set of rllcrwurcmcnts,  whit]]  leads to some limitations
(})articularly  in tllc lowerlllost  stratosl)hcre).  M o r e
colll]mtcr-intcmsive  rctricwals arc needed for a fully
iterative (non-lil)ear)  retrieval schelne - now in prepa-
ratiorl.

Radiances and Residuals

ltadiancc residuals have trcerl calculated based orl
a set of ~)rofilcx obtained by smoothing actual MI, S-
rctricwd values for SeJAcmbcr  17 1992, a day with
“ozone hole’) conditions in t)lc southcrl]  Jlolar regions.
“1’IIc  sir)mlatioll  u se s  t he  o]mratiorlal  MI.S stall sc-
clucncc.

ltcsults fro]n a full day of radiance residuals nave
l,ccnl Cxii]]]illd in 10 clegrcc latitude bins as afrrnctioll
of pressure, arid a typical subset, for 40 S (latitudes 45
S tc) 35 S) is shown  in Fig. 6. I’he results are similar
ill other latitude bills. We see that closure exists at

II level of 1 % (of radiances) or better (i.e. less than
* 0.2 K), exceJ]t at the lowermost pressure shown
(100 hPa), where the calculated radiances arc sys-
terl]atically  hig}]m by about 11{ than the “ohservcd”
radiances (w}lich are of order 20 to 60 K). While this
is Ilot a large pcrcerltage  difference in radiances, re-
tricwals of ozone in the lowermost stratosJdicre  depend
]norc heavily o~l radiances (or radiance diflercnccs)
ii) the outside (wing) charrncls, and sj)cctral  ditTer-
CIICCS ir]troducecl  between rllodcl and observed radi-
ances have the potential to significantly irnJ)act ozone
values near  100 h~’a. As mentioned irl section 3, the
rncasuremcnt  inforlnation  - relative tc) the a pric)ri  -
is dccrc~sirlg in the lowermost stratospllerc,  and this
lIas an impact OIL the poorer radiaucc  fits obtained
tllcm.  }Ictter  closure has been obtained with test re-
trievals  using a fully iterative Inethod  and irn~mnwd
algorithr])s.  ‘1’hc c]uality  of sirnuJated  ozone profiles
is cliscussed further below. Figure  7 is similar to Fig.
6, but for the 183 C;IIZ ozone results. Although rca-
sorlably goocl radiance fits arc also evident in these
simulations, they  arc sorllewhat  wc~rsc t}lan those for
205 Gl]z.  ‘J’hc fit at 100 h}’a is not an accurate reflec-
tion of tile actual sensitivity, because we know that
t.hc current retrieval schc~ne has J)oor  sensitivity at
that level for the 183 Gl]z  data; as climatology is
tmsically inJ>ut (froln the stnoothcd,  Previously  “re-
trieved” fields at that levcJ) arid t}lc retrieved f~clds
arc similar to the inputs because of non-optimal use of
channels, all overly optimistic quaJity  of flt is arrived
at.

[)nc can define diagnostics of goodllcss of fit by us-
ing the clli-square  (X2) conceJJts  from statistical anal-
ysis (see e.g. IIcuington, 1969). We IIave calculated
values of

(6)

for each lnajor frame  (set of 32 minor frames). 2’lIc
varial)]es Vi, y;,  and (i refer tc~ rneawrred  radiar]cc,  cal-
culated radiance (linear rnodcl used irl the retrievals),
arid random (r]ns)  radiance uncertai~)ty. N is giver) by
tllc nurnl)cr of degrcws of frecdo~fl,  Ilamcly the total
nulnbm  of c)bscrvations (radiallces)  lninus  the num-
ber of J~ararnetcrs  being retrieved. ‘1’hc above diag-
nc)stic  is referred tc~ as a reduced clli-scluarc;  in the
algorith~ns used to ~)roducc  Vcrsio]i 3 data files, in-
dex i rurIs  cwer all radia~lces  from the top of the at-
rllosp}ierc tc~ 46 hl’a  tarjgcnt  ]mssurc,  to avoid too
nluch e~n]ha.sis  011 the less well-charackrized  rcgiorls
ill the lowermost stratosphere (WC may carry these
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cliag],ostics down to 100 bl’a in future production al-
gorithms). ‘1’00 large (or too slnall)  a value ofX~,a
indicates a poor fit ancl/or  a problem of some kind
ill tllc retrievals or ~ncasurcnlellts.  Based o]) statis-
tics fro~n  idealized Gaussian distributions, wc have
dctcrmincd  that X~,o values above about 2, given the
IIulnber of clegrms  of frecdorn available for each hl 1,S
majcn  frame, are cause for concern and truly indicate
poor fits. A si~nilar  quantity is also calculated for each
minorframe, with index i rutlnilig  over all 15 channels
(14 for ozone at 183 G1lTj since one of the wing chan-
]icls is ]lot reliable and is not used); we denote  this
diagnostic by X~,i. “1’he  X~,i values are marginally sig-
nificant, since the number of Incrwurements  is fairly
sluall  , but we view these diag]lostics  as qualitatively
useful  nevertheless, especially iu a relative scuse (from
lninor  frame to minor frame, or for different, software
runs). Zonal mean values of X~,,a and X~li are givm
ill Fig. 8 for the simulation run mtmtionccl  above; ra-
diances with ~loise similar to the actual instru~nent
noise were used, for a lncaningfu]  calculation of X2
cliaguostics.  Froln the X:,i vahrcs, w e  otrse.rvc t h a t
the quality of radiance fits degrades in the lower~nost
stratosj)licre,  particularly in the south polar vortex
(soutl,  of 60 S). Also, the 183 GIIz, ozone radiance fits
are of mlativcly  poorer quality than the 205 G}]z  fits,
cs]~ccially near 46 hl’a,  consistent with the radiance
fit quality obscrvccl in previous figures. “1’hc values of
x~,* in the l~ottom ]~an~Is of ~i’ig.  8 follow the aver-
age latitudinal trcllds  of the X:,ii valum,  a< expected.
Values c)f x~,a bctwccn 1 and 2 are typical for 205
Gl]z  omnc  results (average value is near 1 .2). Val-
urx+ bc%wrwn  1.5 and 2 are Iuorc typical for 183 GIIz,
ozone, with extrerna  slightly above 3 (although solne
larger values exist near the latituclc  cxtrcrnes).  ‘1’hese
results give SO)JJC lower bounds for the fit quality we
lrlay cx}~cct irl tcrlns of closure based on real data
(discussed further bc]ow). We will improve upon the
sirllulatior) results ill futurw software algorithms.

Ozone abundances

‘1’hc rctricvcd  zona] lncan  205 Gl]z  ozone fields arc
co~lll)arcd to the input, (“true”) fields ill Fig. 9. Zonal
~ncarl  diffcrc]]ccs  arc shown to bc = 0.1 pprnv or less
throughout most of the stratosphere. Thcrw is a ten-
dcnlcy to unclcrmtinlate  the mixing ratios near 46 111’a
and ovcrcstitnate  thmn at 100 hl’a,  especially at high
latitudes (where the lncan  biases arc of order -0.4
arid 0.6 ppmv  rcspcctivc]y).  This trans]atcs into w
20 YO ~lcgative  bias in the polar vortex at 46 11} ’a;
at 100 h] ’a, percentage differcr[ces  are large,  but not

as rncaning,ful,  because the mixing ratios can beccnnc
very srllall - especially in the tropics, but wc have
to kecI) tbesc retrieval biases in mind, particularly at
high latitudes. We expect  to better ur)dcrstand  ancl
rclllove Inuch of these effects in a future data process-
i~lg, since some of this is uncloubt,cdly  related to I~OII-
liucar  effects  (irl ozone and/or other parameters which
ccmtributc  to eroissioll in the ozone band). llowcver,
bctwmn  0.46 and 22 hl’a,  the true ancl retrieved ozone
fields differ by less than 270, ‘1’lle retrieved values near
0.2 hPa become clearly influenced by the a Iwiori  val-
UCS, based 011 our analyses (see alsc) section 5 below).

Anot}ler  ~uethod of cxarnirling  the retrieval quality
is ill trmns  of the reproducibility of “horizontal” at-
rIlcqAcric  features, narnc]y via nlaI)ping  (sirnp]e hor-
izontal gridding irl th”is case) of the Level 3A’I’ ozone
fields. Wc show “true” versus retrieved ozone rnal)s
irl Fig. 10, for pressures of 46, 10, and 2 hI’a; the re-
trievals  arc from radiances with simulated noise. l’hc
cliffcreuces at these pressure levels arise fro~u  noise
as well as  underlying systematic (excrnplified in the
Zonal ~ncau cliffcrenccs of Fig. 9). Gcrlcral features
a~ld mixing ratio gradients (e.g. at the edge of the
Antarctic vortex and in the sub-tropics) are very well
re.],roduced.  llowcver,  there are solne features (es-
]wcially near the boundaries of color contour values)
wllicb can loose SO]IIC of their colltirluity  or appear
slig]ltly different after sma]l biases and noise effects
arc ‘(applied’] via the retrieval process. If data users
arc aware of the Iloisc level and any artifacts or pcF
tcr[tial I,iases (CW discussed throughout this paper),
ovcrintcrpretation  of maps or MI,S results in general
should  ~lot he a proble~n.

Figure 11 is similar to the zonal lncan  cross sec-
tion comparisons of Fig. $, but for the 183 GIIz re-
sults.  (jvcrall,  somewhat better closure is obtaiucd
(irt comparison with the 205 Gl17 ozone retrievals) in
tllc Incsos]]here,  with some eviclence for dcgradatio~l
(ill percentage terms) at pressures less than 0.1 hl’a.
lJCSS of a bias (than in Fig. 9) exists ricar 100 h} ’a,
but we lncntio~led  earlier that so~uc of this may be an
artificial result because of too tig}lt a collstrair]t  tcr-
wards the a priori (m not enough channels arc used).
Note that a sitnilar  ],crcelitagc  fit to ozone will result
irl a poorm  (larger) value of tllc X2 diag[lostic  defiucd
al)ove,  Iwcause the rlns  racliarlce  noise is colnlmrablc
for both ozcnle bands, but the signal is roughly twice
as strong for t}lc 183 GIIz line (leading to a factor of 4
differcucc in X2 for a given percentage ozone fit). ‘1’his
is a rcflectiolt  of tllc fact that tllc 183 Gl]z  ozolle data
arc inhcreutly  ~nore Jmccise,  i~l a relative sense, and



therefore “harder to fit” to within the noise. Based on
these results (and other studi~~ not shown here), the
upper  linlit for 183 G}lz ozone data usefulness is near
0.05 h?’a (see also section 5), and the recomlnended
lower lilnit is 46 hPa.

Vm-sion  3 Results

“I’his subsection deals with Version 3 results, and
compares radiance residuals and other diagnostics to
simulation values. Known artifacts arc also n]e.n-
tioncd.

Radiances and Residuals

Fig. 12 shows radiances andresiduals  for Sep. 17,
1992 at 40S (si~[iilarto the simulationsof  Fig. 6).
ltcsicluals  arconlyslight]y  worse  than those  fromtllc
simulations. Given that the averaging of radiances
leads to negligib]c (0.02 to ().l K) noise in the mean
radiances, thcrcsidual differences are all indicatio~l of
residual (systclnatic)  errors. There  is also so~nelati-
tudillal  variability  ill the residuals (more  ]monou~lccd
than in the simulation caw).  For cxalnple,  wc SIIOW
ill Fig. 13 some of the poorer fits in the lowerlllost
stratos])here,  for 10S and 70S. ‘1’he systematic tre~lds
ill tile residuals at 46 and 100 hl’a  arc believed to be
causccl by inaccuracies in the clnission features fro~n
llN03 (on the positive frequency end) and N20 (on
t}lc IIqgativc frequency end); indeed, radiance fits have
been found to be significantly improved W1lC]I }IN03
is retricwcd  (but this was not done in the Version 3
data). Also, irnpcrfcct  knowledge of N20 (and 1120)
ill the lowcr]nost  stratosphere arid upper troposphmc
will ])robaldy have some slna]l effect on the radiance
residuals. in summary, poorer radiance residuals are
observed i]] tl]c lowcrlnost  stratosphere, but i~nprovc-
rllcnts  call he expected in future data versions.

Fig. 14 is similar to Fig. 12, but for 183 GI17, ozone

results for September 17, 1992 at 40S. The radiance
residuals arc of ])oorer  quality t}lan the 205 GIIz ozone
results for all ]mxsurc  ICWCIS.  At 100 h}’a in ]]artic-
ular,  tllme  ~)lots confir]n that< Iittlc sensitivity exists
and that wc are attempting to flt climatological  ra-
diances  (sillcc’ the retrieval does not perturb tile a
~)riori state significantly) to ot)sm-vatiorls. Also, the

residual ])attcrns  are diflcrcnt  t}lan those  of Fig. 12.
l’art of the systematic effects in the u])per  strat~
sphere (which appear to IIavc a diffm-cnt  ori.gill tljan
the asylllrl]ctric  residuals in the lower stratosphere)
ll)ay IIave to CIO wit}) a slight lack of closure be-
tween tile forward ~llodel runs used in the retrieval
and calculated radiauce  pr-ogralns. ]t would IRC!II1

(from preliminary tests with a fully iterative retrieval
schcrnc) that a significant part of the systematic ef-
fects observed here arc not caused by the linear  re-
trieval  scheme’s limitations. “1’hcrcfore, instrumental
or forward model  errors probably have to be invoked.
Pig. 15 is also similar to the 205 Gl]z  figure above
(Fig. 13), for radiances ancl residuals at 10S and 70S
ill the lower stratosphere, at tangent pressures of 22
and 46 hl’a.  ltesiduals are maximized at high lati-
tudes at 46 h} ’a. It would II~JpCM  from these radiar~ces
that the retrieved values from 183 Gllz ozone data are
too large near 70S latitude, thus leading to too strong
a calculated signal, compared to tlic measured radi-
arlces. “1’he future use of all channels in band 6 should
hcl], alleviate sornc of these  lower stratospheric issues
for 183 G}lz OZOXIC  data. Also, wc will see in section
8 that u~)dated retrievals using Ilewer s})ectroscopic
data for 02 (MI,S band 1 ) reduce the radiance resid-
uals.

l’ig. 16 has the sa~ne format as Fig. 8 (si~nulations),
and ~)rovidm  a ][icasure of the ~ncarl good~lcss  of fit
(X~,i and x~,o) for both ozo~,e bal,ds,  01, %~,tel,,hcr
17, 1992. ‘1’hc 205 G}Iz  bancl results arc only slightly
worse than the si~nulation results, and while tllcre  is
SOTI)C roolrl for irnprovcnlent,  t}ic fits arc judged tc, be
of overall high quality (with increasing proble~ns  in
tile lowermost stratosphere). For the 183 G}lz ozone
I,aIicl, however, tile goodness of fit is clearly cte.gradcxl
with respect to both the 205 Gllz data and the sim-
ulation results for 183 G}lz ozone, a~ implied by the
racliancc residuals discussed above.

l~ig. 17 shows the time cvolutioll  of the zonal mean
goodness of fit diagnostic X~,o as a functiorl  of lat-
ituclc, over the first two years of MI,S data acquisi-
tio~l. While  wc have not identified the cause for poorer
residuals at all tilnes  and places, this should hell) cau-
t.io~l t}le data user to be somewhat more  careful when
t.tie fits arc poorer. Wc bclicvc that, the l)oorcr riidi-
a~lce fits in the tropics and mid-latitudes in Novcm-
Iwr 1992 a~ld a few otllcr  ti~llcs  in tile following year
are relatccl tc) the gcllcratioll  of excess instrrrlncnta]
~loise i~lduccd  by the switching mirror jnove~nent  at
low lJA ItS power supply voltages (a problem now cir-
cul]lverltcd);  this also aflccts  tile C1O radiance fits
(see Waters  et rd., 1994), and to a lesser extent, the
1 S3 G1lz radiometer data. Alsc), the 205 Gllz ozone
~lcar 60S durirlg Ju~Ic/July  (early winter), possiMy in
relation to actual at~nosIheric  variability (and hori-
zo~ltal gradimlts  effects). SIi.glltly  poorer (ttlarl aver-
age) fits arc obtained in tile tro~)ics  during  t]ic first 7
rllontlis  of the lJARS ~nissio~l;  this apl)ears  to cor-
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relate with the poorer comparisons versus tropical
ozo~Icx+oILdcs  in the time period closest to launc]l (see
section 6). Whether these occurrences exist  because
of almorjna]  wave activity, or another at~nospheric  ef-
fect rcx[lailis to be ex]dained.  ‘1’he  poorer quality (in
all absolute sense) of radiance fits for the 183 GIIz
ozone data is again evident in Fig. 17 (trottorn  pan-
els). ‘1’he pattern of tropical and subtropical high
(x#,.  ) Valtlcs appcats to follow the patterll of zonal
lnean  ozone obtained in the 205 G }1 z data (see ljoidc-
UCIUT CL cd., 1994), We interpret this to mean that the
183 Gl]z  ozone ret,ricvals cannot (for lack of sensitiv-
ity ill the current scheme) track the ozo~le 205 G1lz
],attcrn, allcl this leads to poorer radiallcc  closure.

Ozone abundances

]k])ite Solne relnaiJliUg  iSSUCS lllentioIled  at,ove,
t]le overall behavior of ozone radiances for the 205 (;IIz
data points to good quality in the results. TO confirm
this rcascmablcnms  issue, Fig. 18 shows zona]  rncan
MI,S ozoJIe data (froIn the 205 G]]z band) versus c]i-
Inato]ogy, for January aIlcJ July at various latitudes.
‘1’}le  climatological  changes in ozone with latitude and
scaso]l arc quite well rc])rocluced  by the M1,S data,
‘J’he lnaiIl difference occurs at 60S, where the ozone
rniniInuJrl  ohscrved \)y MI,S near 10 h]’a during July
is o~lly a weak feature in the climatology; this may
l]avc to  CIO with tlrc different vertical resolution of
datascts being compared here, and warrants further
irlvcstigat,ion (tllc  MI,S minimum is not an isolated
i]lciclellt ancl exists in 1992 and 1993, for exanl]]lc).
More cictailcd col[l]Jarisolls with correlative data sets
arc discussed in section 6, in order to zMsess (or co]l-
Jlr]ll) tllc c]uality  of hIl,S retrievals.

l{noum orlijacts in V3 dater
1 lerc, wc give a summary of knOwn artifacts asso-

ciated  with the h! 1,S Version 3 ozone data (M also
bridly mcnltioned by I+oidcuarm et al., 1994); further
work is rec]uircd to better understaIld  these prob]eIns
zr]ld deal wit])  thCJ1l.

OzoJIe at 100 hl’a  has been consistently difticult  to
rctricvc  very accurately, probably because of a colr)-
bination  of reduced s])ectral  signature arisilig  from
this altitude regioIl and the difficulty associated witl]
Inoc]c]ing  (or rctrieviIlg)  t]le unc]er]yiJlg base] iJlc. ‘J’lIc
I)oorcr  rciricvals  at 100 h]’a  are particularly eviclellt
during the! suInInc!r  in tllc tropics, Wllcrc Jlegative
zcmal Incans  (of order a fcw tenths of a J>])Irrv)  ])cr-
sist. SoI nc of these biases  could be related to JIon-
lillcarity  issues, or Inaybc  to tile difficulty assc)ciated

with fitting an inverted profi]c  with a set of coeffi-
cients  sljaced roughly  every 5 kin. Also, we have ob-
served ‘%ulges”  in tile xnixing ratio at 100 hl’a,  where
the lnixing  ratios can become  unreasonably large (as
Inuch as 1 to 2 })p~nv), even ill a zollal lncan  - at }Iigh
scwthcrll latitudes in particular. This effect  is exenl-
plified ill Fig. 19, where wc give a ma]) of the difference
between tile mixing ratio (from the 205 G}]z  ozone) at
46 }11’a and 100 J]l’a; this diflcrence should typical]y
be positive , but  tile plots illustrate that there arc
sig[lificant  regions where t}lc M1,S clata yield negative
vcducs for this quaIltity  (tropics and high latitudes in
I)articular),  g’hese occurrences, aud tile possible UII-
clcrcstiI1)ate  which can follow at t}le 46 hl’a  level may
tm related to the regions of poor racliance closure (see
l~ig. 17 above). Correlative clata cornj)arisons  confirm
that such ‘(bulges” at 100 hI’a are not reproduced by
oz,oncsonde data for exaInplc  in the southern ]mlar
vortex (SCC section 6).

The  100 hl’a  level also exhibits a LJAliS yaw-cycle
clc])clldcncc (see evidence in Froidcuarcr et al,, 1994),
i.e.,  the Inixillg  ratios (and column values) tend tc) be
larger  iIl the lniddle  of the UAIM Inollth.  ‘J’his oscil-
lation (which call bc of orcler  a few tent]ls  of a ppmv)
)rlay bc related  tc] similar effects observed in tempera-
ture (F’ishlmin  et al., 1994) and COUICI  bc afiected by
t allgcnt  Jmssure  artifacts; sucli an effect is also ob
served irl lower  stratos~)hcric  112[) (I,al]oz ct al., 1994).
}’;fforts to reduce or remove this artifact have not been
successful so far, l)ut a fully iterative retrieval SC] Ir3111c

]Ias not yet bce]l applied. Also, as yet unex])]ained
c]ccssional  “julnps>’ in Inixing ratios exist across yaw’
days, particularly at the 100 h}’a level. We are inves-
tigating tllesc a~tifacts,  which imply  I)oorer  Ineas.urc-
rIIeJItl  accuracy for this  lowerlnost  st ratos~)hcric  pres-
sure (as expected froln tllc error a~lalysis in section
5).

Since the current 183 GIIz ozoIle retrievals are not
sensitive enough at 100 h] ’a, we arc not advertising
this lc!ve]  as a useful OJ)C for those retrievals. ‘1’hc  Inain
syste]natic  eflcct to IIote is the cxistcnlce  of larger
ozc)ne values in ear]ier ( n o t  pub]icly  relezwcd)  M1.S
data versions, co~npared  to the 205 G1lz valum,for
Inid - to u])pcr  stratos~dleric  heights. ‘J’hcsc difiwe[lccs
were of order 10-1590 (see Fig. 20) irl post-laullc]l  re-
trievals  (pre-version  3 clata).  Although it has become
clear that, systcxnatic  error sources are Jnuch Jnorc
likely for the 183 G}]z  ozone data (SCC section 5), and
could i]) principle ex~)]aill  these  diflercnlcesj a full un-
c]crstanding  of the actual  sources of this discrepi~Jlcy
is not available yet. We also ]]ote that t}rc 205 Gllz
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ozone data have consistently given better comparisons
with other  datamts (see below) than the 183 Gllz re-
sults.  U]iccrtaintics  ill sideband ratios and 183 GIIz
radiometer pointing misalignment could in principle
colnbinc  to account for a large portion of this cflcct.
An indc])cndcnt  analysis of radiometer pointing n-lis-
alignlncllts  through the usc of moon sca~l analyses (see
Jcrrwot  cl. al., ] 994) hm  lcd to the conclusion that a
shift  (possibly incurred during launch) exists in com-
])arison to t.hc prc-launch  aligunlcnt  detcrlnination.
‘1’hc  M 1.S Version 3 data include a shift consistent
with these findings, but not quite as large as the final
result obtained from the moon scan analyses (possi-
My bccausc  of co~npcnsating  sidctrand  ratio errors).
Fig. 20 demonstrates the better agreement currently
found l)ctwccll  the two ozone retrievals, using a senli-
cl[lpirical  FOV elevation adjustment to irnprovc the
agrccl~lcllt in Version 3 data, We stress that relative
vmiatio~ls ill 183 Gllz ozone data should bc crllpha-
sizcd rather than absolute values (for which the 205
G1iz data are rccomlncndcd).  A reevaluation of the
l)ara~ncters  which can affect the MLS ozone data is in
~jrogress,  ill light  also of the newer OZ spectroscopic
data, w]lich has aflcctcd the retrieved tangent pres-
sures by w 6 $ZO in IIlore recent analyses (SCC sectioIl 5
and Fishbcin  et al., 1994). A brief update concerning
this to~)ic is provided in section 8.

5. Estimated Uncertainties

]11 this scctiou,  an csti~nated  error budget is f’or-
rnulatcd.  Cornparisorls  with other data sets can help
detect biases, atld wc will sec in the next scctioll how
consistent those analyses are with the uncertainties
l)rcselltccl IIcrc.  A list of error sources (~liostly sys-
tclnatic ill Ilaturc)  is givc~l it] l’able  2, and the MIS
ozone sensitivity to these  factors is studied, primari-
ly via a series of tests for onc day’s retrievals. in
l,rillcil,]e,  t],e error analysis ~,icthod of Ilc)clgcrs  (1990)
ccm]cl bc a]]])licd  here instead of scllsitivity  tests, with
ccluivalcllt results (WC did usc this apjmoac]l  for the
~I)cm.surcnnent ~loise and a priori error contributicnls);
however, issues like latitude dcI>cndcnce of errors and
e r r o r s  i~t fc)rwarcl  lllodcl  pararllctcrs  can sollletilncs
I)e lnore  easily studied using the actual retrieval algo-
ritllrl]s and tllcir  sc]lsitivity.

]rirst a colnlncnt  is worthwhile,  regarding  the un-
certainties listed ill the Vcrsicm  3 hII, S data f(lcs.
III g;cl)eral,  tllc csti~natccl  r~[is uncertainties in these
files arc solncwhat  larger than the actual atl[lospl)cric
rlns  variability, particularly in the lowerlnost  altituclc

range. Fig. 21 is an exalnple  of a relatively quiet day
(from an atmospheric variability point of view), and
SIICJWS  the ratio of rlns  variatrility  (about the zonal
]! leans) to estimated rlns  uncertainties (from Versio~l
3 c)zone results for 205 GIIz radiometer data), con-
tcmred versus latitude and pressure. }tatios  smaller
tllall  unity can occur ill regions of ])oor measurement
sensitivity, as occurs near the tropopause  (especially
fc,r 183 G1lz ozone), where the a priori constraint can
artificially reduce the variability rcdativc to the gen-
erally very conservative a priori uncertainty. Also,
soIIlc error sources i]lcluded in the retrieval code arc
not rando~n  in nature (e.g. ])art of the a priori tangent
IIressurc  estimated error arisil]g from pointing  knowl-
edge ullcertaintyl  and its irn~)act on ozone). I,atcr  in
this  section, we will co)nparc  the uncertainties from
the MI.S data files to the ranclolli ancl systm]latic  er-
ror estilnates derived bc]ow. We ~iow turn  to a dis-
cussion of the various error sources listccl in “1’ab]c  2
following the order listed in that l’able.  ltcsulting er-
ror csti~nates  are given in Figs. 22 a~lcl 23 for the 205
a~ld 183 (;117. radiometer data rcspcctivc]y.  Althoug{]
~,lc,ts cover the range 100 to 0.1 h~’a, we caution that
the rccoxnrnendcd vertical range for useful scientific
studies needs to be taken into account.  lkiscd  011 i~l-
crea~ing]y  ])oor rncasurernent  sensitivity ill the Vcr-
sic)n 3 data files and the error allalyscs  (given tm-
10W), 205 G1lz ozone band data analyses  for altitudes
above 0.46 h]’a or below 46 h]’a arc not advised, nor
arc those for 183 GIIz bal]d clata at altitudes above
0.046 hl’a  or below 46 hl’a.  Some inforlnation  is con-
tai~lcd at the limiting levels indicated above (and even
at I,evel 2 pressures above and LC1OW  these), but  the
full capability of the Incasurc]ncnts  will need to be
cx}doited  better in a future MI,S data version. Ftror
contributions near and beyond the litnits stated above
will change somewhat with such IIcwv  software. For cx-
ru[l])le,  particularly for 183 (;117, ozone data i:) the low-
crInost  stratosr)herc,  a priori error contribution will go
clown, but other error sources ill this region are likely
to go u]) bccausc  of their artificia]  “daInJ)ing”  by the
a ]wiori  weighti~]g  (i.e. l~ig. 23 characteristics in the
lowermost stratos~)hcrc  will cha~[gc).

Radiance noise dctcr]ni~)es  the ]nccisioIl  (repe.ata-
I)ility) o f  t h e  rctricvcd  ]mofilcs.  l’recision esti~[~ates
l)asecl 011 the me&surcI1lcnt r]oisc col!tribution  (calcu-
lated via the ]ncthod  discussed by Rocfgcrs  , 1990) arc
slIcnvn in Figs. 22 and 23. ‘J’hcsc values arc C1OSC to -
I,ut (as cxl)cctecl)  generally slightly lower than - those
c)t)tained fro]rl an clnpirical  estimate of precision, i.e.
l,ascd on observed varial)ility  during  several su~[ll[ler



( “quiet”) days near  the orbit turn-around tangent
]Joints  (Iatitudcs  of 34N or 34 S), where the ctenscst
sam]ditlg  occurs, and several tropical data sets (where
actual atmospheric variability is also cxpcctcd  to bc
near lniuill)urn). Wc have kept the theoretical csti-
]natcs  of prccisicnl as probably the better indicator of
true precision (this could only be chcckcd  exactly if
tllc same atInos]Acric  parcel was monitored for Illany
lnca<urcrnmlts,  and if atmospheric variability was ncg-
ligil)le).

Scaling errors in calibrated radiances can arise
frol[]  tllrcc  sources: radio~nctric  calibratio]l  errors,
sidcbaud  ratio errors, and spectroscopic errors in liuc
strengths. “1’hc first, two sources of error arc discussed
I,y .JrIrnot  cl rd. (1 994). Hased on this rcfcrcnce, wc
use a systmnatic  error (’(one sigma type”) of 0.6% for
the radio~netric  calibratio~l  of the 205 G}lz and 183
Gl]z radio~nctersj  wllicll is assulncd  to correspond to
about, one tllircl of the worst-case error cxJ)cctccl; this
crrc)r reflects II]ostly  ullcertaintim in t}lc characteriza-
tion of ICISSCS  through the M J,S antenna and switch-
ing lnirror.  Note that a s})cctraJly  flat radiaucc  offset
across the bal)d (s) is taken out by the retrieval soft-
ware, wllic]] uses only spectral contrast to retrieve
IIlixillg ratio values. ltadiallccs froln tl]c two sidc-
I)a]lcts arc cornl)incxt  to yield totaJ  radiances for each
ozone band. ‘1’hc  relative weighting of each sidcballd
is dcsc.ril)ccl by the sidet)alld  ratio values (SM Jarnot
ct al., J 994), determined before launch. Ilased  on
tile al ,OVC reference, sideband ratio errors can lead
to likely (one third of worst-case) radiance errors of
0.6[% for the 205 Gllz ozone ba~ld and 7% for tile
iIluclI J)oorcr characterization of the 183 G}]z  OZOIIC
I)auc]. ]Pinally, a systcinatic line strength error of 0.5%
is used for the OZO])C lines col]sidcred here (IJ. l’ickctt,
])rivate colllll)l)l!icatioll,  1994); this is larger than ttlc
i]ltrinsic  contri]lutio]l  f r o m  di]~ole lnomcnt  lncasure-
~l)mlt errors in tile mic.rowavc  region, but it includes
ullccrtail!tics  ill tllc corrections llladc  for centrifugal
distortion dl’ccts. ‘liakillg tllc above three sources of
error ill c.ollsidcratioll,  wc then usc a combi~lcd (root
SUIII  s q u a r e d )  scaJing error  of al)out  l.OCZ)  and 7V0
f o r  ttic 205 allcl 183 Gllz, ozone bancls, rcslmctivcJy.
Since wc arc using radia]lccs  in a ~Iiostly  oJ~tically-
tl]i]l rc,gil]]c for Version 3 data files, the scaling  errors
al]ovc wiJl trauslatc to ]Ilixing ratio errors directly,
to first-orclcr, as ca~l be seen in Figs. 22 and 23; for
20b GIJz OZOIIC retrievals, radiance scaJi~lg ul]cmtaill-
tics lead to slightly II)ore  than 1 !ZO error, whereas the
7 % racliancc scaling error for the 183 Gllz band can
J)roctucc  8 to 10 % errors in ozone for pressures less

than 22 Ill’a, with incrcming  (Ilon-linear)  efiects at
higher J>ressurcs.  The 183 G] Iz ozone error budget
is largely dominated by this potential radiatlce  scal-
ing error (arising from the poorer characterization of
sicJcbancl ratios). Ozouc abundances obtained from
the 205 G}]z  radiolnctcr should give a better indica-
tion of the actual systclnatic error to exl]cct in the
183 Gllz ozouc retrievals (see discussions later in this
l,a]]cr).

Each M J,S chanuc] has au associated filter shaJ)c
(s],cctral  response) and position. ‘1’hcrw  is a potential
source of error in the know]edgc of flltcr  shape (SCC
Jarnot CL al., 1994). Following the above rcfcrcllcc, wc
]lave used an uncertainty of 0.03% ])cr M}lz S]OIW on
the existing filter traus~nission  functions M a worst-
casc; this bias  was applied for all chatlncls  011 onc
side of the OZOI)C  line a~ld with a differc~lt sigyl 011 the
other  side, as a worst-cam sce~lario. l{csultil]g  errors
arc essentially negligible, as cxclnplificcl  ill lrigs. 22
and 23, wllcre the }dottecl rrns-  type errors (worst-cww
clividcd by tllrec)  are barely visible ill the lowcr~nost
st ratosphwe.

Errors in field of view (Fov)  direction have to do
with the uncertainty ill knowledge of tllc true J]c,illt-
i~lg direction of each radiornctcr.  in the case of ozone,
we arc interested in possible errors arising fro~rl  any
~llisalignlncnt  of the 205 Gllz or 183 GIJz radio~ncter
FOV with respect to the 63 (;112 }WV (errors il, abs~
lute J~ointing of the 63 G] lZ FOV arc accounted for bc-
Jow as J>ossiblc systematic errors in tangent Jwessure).
Although J)ost-laullch nloon vicwillg calibration data
gave no indication of a n~cd to reconsider the align-
~[lcnt of tile 205 GIIz radiometer (to within the J)re-
laullch errors), the 183 G}]z radionlcter data indicate
the IIeccl for an alig[llncnt  adjustment from the l)re-
launch value (see ~arnot  et al., 1 994). Changes i~l the
software parameters producing Version 3 data were
~llade to accc)modatc  a possible ~nisaligll]ncnt  collsis-
tc~lt wit])  the moon calibration data as well as the
observcxl  difl’cre]lccs  in  ozone bctwcrxl  tile indci)cn-
dcIlt radiometer data. ‘l’he MI,S Vcrsioll  3 data used a
rnisalignmc)lt  value of 0.006° (about 290 III i~l taugerlt
hcig]lt),  so~newhat ICSS than the ~noon-derived result
of 0.0110 (fiualizcd only after the software changes for
Version 3 clata productio)l),  alhcit consistent witlli)i
the errors of the alignment dctcrmiuatioll. ]’;]cva-
tion alignment errors of 0.0016 and 0.012 dcgrccs, for
the 205 and 183 G}lz radiometers respcctivcJy,  were
used as the Imis for our cstirnatcs  of in-ofilc errors
arising from rcmaiuing  (worst-case) r[lisalignrncnts  in
lT)V direction; tllc first number corrcs; )onds to pre-
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]auncll (worst-case) knowledge for the 205 G}lz ra-
dio~nctcr data, while the second number reflects the
post-launch uncertainty based on moon calibration
tests for the 183 GHz radiometer, since inde])endcnt
cvidcncc on ozone abundances indicate that there is
reason tc) place more  confidence in the post-launch
numbers for the 183 G1lz radiometer. in fact, the 183
Gllz, uncertainty (in relative FOV direction) used here
is a conservative nutnber,  since we ]Iavc added the ( ‘[3
sig~na’> ) uncertainty (0.007°) fro]n nioon scan aTlaly -
scs (see jrrmot c1 cd., 1994) to the possible alignmmlt
cllangc required (0.005°) to best flt the lnoo]l scrm
results alone (not the 205 G1lz ozone results). ltc-
sults  in l+$igs. 22 and 23 are based on these worst-case
sensitivity tests atld a factor of 3 reduction to provide
rl[]s-ty]je uncertainties. ‘1’he larger uncertainty for the
183 GIIz radiometer FOV gives rise to the more sig-
IIificallt  potential systematic errors (a few 910) seen in
l~ig. 23.

F;rrors in 170V  shape were also considered, by
assuming that  an error in bearnwidth  (radionleter-
deImIldc]lt)  can lliodify tllc retrievals, and so can an
error ili the pattern’s sidelobe  levels. For the 205 Gl]z
radio~netcr,  tmscd on Jar-not et al. (1994), a worst-
case }ma~l]width  error of 0.003° was awxrlnccl.  ‘1’lIC
sl)cctral  dcjmnde]lce of the field of view is less than
the csti~[latcd accuracy in FOV bea~nwidth (0.0030),
as ~rle]ltiolled irl .larmot  d rd. (1994). For the 183 G1lz
rad io]llct er, somewhat larger errors are used, based on
the fact that the post-launch determination of FOV
l[lisaligl]~rmnt for this radiometer would lead one to
suspect a corresI)onding  error in FOV shape as well
(i.e.  difl’erent fronl the lneasured  shape,  which a+

sull]cd a different alignnlent).  Using an estilnate of
tllc likely cllall,gc in FOV shal)c from the worst-cam
lllisalign~lmlt  in 183 Gllz radiolnetcr FOV (0.0180),
we llrrve used al] error i)) bea~ilwidth of 0.005° as a
worst-caw  possibility. “J’he resulting ozone rlns  errors
(worst-case divide by three) shown in Figs. 22 and 23
do not play a IIlajor role coln])arecl  to other systematic
error sources. Errors in antmlna  sidelobc  knowledge
arc collsidcrcd  negligible for ozone retrievals in the
strat,osphcre,  given the slnall  ( 1 Yo) amou~lt of lower
at~l]os})hmic  radiance contribution froln the side]obcs
and its mm) sIllalJer slmctral  contribution. l’he  rela-
tive error contribution fro]rr  sidelobe level uncertain-
~icx should bc a ~l]axilrmln wltc~l the antenna is point-
i]lg l]car 60-70 kin, arid t}le lower sidclotres arc receiv-
ing strong sig[lals fro]n  tile troposphere (with weaker
signals arising  from the tangent point).

SJ,cctroscoJ]y  errors ca~i c]early lead to retrieved

]mofile errors. Errors in lillC strength have been
included  above M part of radiance scaling errors.
l,illc positions are known extrcn]ely  accurately at nli-
crc)wave wavelengths, and thus do not represent a
significant error source. A related error could arise
from imperfect krlowledge  of the I)opJJlcr  shift of the
rvnitted  radiatioll, caused by line-of-sight velocity ef-
fects. Since the spacecraft and earth velocity co]npm
liellts along t}le lillc of sight are quite well known and
are accou~lted for in the retrieval algorithnls,  atrrlo-
s[)hcric  wind will constitute the largest error source,
with ~l)axirrmln effect ill the lower rllcsosphere  (arid
for channels adjacent to the center cllat]nel).  }~or a
conservative line of sight velocity error of 50 10/s, the
OZOIIC  radiances for the 205 G1lz radiometer will be
llcgligiMy affectecl (less than a 0.05 K effect). For the
183 G}lz ozone line, a 1-270 (0.2 K) cflect on some
radia~lces  is ])ossi Me, but this is a negligible cflect in
tile stratosphere, a]ld wc have already mentioned sig-
Ilificant]y larger error  sources for these  retrievals, in
order to include possible errors in linewidths,  a 3%
error in the broadening frrnctioll was used to estilnatc
s~sternatlc  errors in profiles arising froln this source,
I)awd on the sJwctroscopic  work of Oh and Collcn
(1 992), who quote a 3% accuracy value. Correspcmd-
ing ozone uncertainties (treated here conservatively
as “one siglna” values) are given ill Figs. 22 a~ld 23;
this error source is orle of the ]Iiore significant olIcs
for tllc 205 G}]z  data.

Errors arisirlg fro~:) retrieval nurncrics  refer to t}le
d iflerences bctwcml the miixing ratio ]wofiles  used to
create sitnulated  noise-free radiances, and the sub-
sequently  retrieved ozone profiles, keeping other pa-
r[ilncters  (tangent pressure, tenl~wrature,  etc... ) set
to the “true?’ (known) values. ‘J’llis  error source is
fairly  s~[lall (see Figs. 22 and 23) .

‘1’he error contributio~! fro~n  the a Iwiori  has hem
evaluated using the formalism of Rodgers (1990) (see
what  was tcrrncd  ]IuII s]]ace error in t}lat J)aI)er)  atlcl
is included in tile middle  panels of Figs. 22 and 23.
As ex])ected, this is s~nall in the rcgio]l of good lnea-
surerncnt  sensitivity (10 to 1 hI’a in particular), but
rises i~l the i~l the rnesosphcre  and lower stratos])herc;
20h GIIz ozone data is do~niuatecl  by a J)riori  con-
tribution in xnost of the rnesosl)here, where 183 G}lz
C)ZOIIC  data is )nore rt~eas~lrel l~cllt-scrlsitive,  whcras
tl]c current 183 Gl]z  ozone retrievals 10SC se~lsitivity
},elow the 10 hPa altitude Illorc quickly than the 205
(;llz ozone values. If all the lncasurelllcnt  charlrlels
were included (as ])lanrred in a future software ver-
sion), the a ~lriori error contribut.iorl woulcl bc smaller
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than shown }lrm, es~mcially for the 183 G}17, data near
100 h] ’a.

h;rrors  i)) tangent pressure can clearly give rise to
errors in ]nixil]g ratios (which arc based 011 radiances
at the re.trimw.d t,arlgmlt pressures). A possible sys-
tematic error in }’~a,l of about 6% (see I’ishkin d
cd,, 1994)  is assurncd here, corresponding to about
300 m in tangent height. ‘1’his potential error  can
have a significant impact 01) ozone (5 to 15 % for alti-
tudcs  at and above 46h}’a),  a~ldariscw pri~narilyfrolrl
possiblcm-rorsiu  t he  02 spcctrosco])i cdat abase, ln-
dccd, I)ost-Vrrsion 3 M],S data u])clates  will inclllde
t h e  latesl, rcco~nrnendcd  sJwctrc,scopic  data ba.w by
l.icbr C{ rd. (1 992), which leads to a 6V0 change iu 02
lillewidtll.  A snlaller  (3%) error from this source may
bc more reasonahlc  for updated M 1,S software, al-
though ottlcr  error sources can also have sornc im]~act
on the tangent ]wcssure  determination (see F’ishtmin
Ct al., 1994).

Sill) ilarly,  systelnatic bizmes in te~[l~)erature  call
lcacl to ljiases ill mixing ratios, since the radiances
ill the ozone ba?ld (s) c]cpcnd solnewhat  on tcmlper-
ature; this is a linear function at microwave wave-
lengths, where the te~npcrature  dependence is xnuch
weaker than in the infrared or rrltraviolet.  Biases in
tclll])erature  were taken to be 2]< for non-~ )o]ar  ]at-
i(uclcs ancl 51{ for latitudes polcward  of 60 degrees;
tllcse values are consistent wit])  observed average ctif-
fcrcnlccs  Lwtwcc]l  MI,S and NMC tem])eratures  (M1,S
giving lower results, see Fishbcin  cd al., 1994). ‘1’he
effect of tcrn]mraturc  biases  was isolated by im])osing
tllesc biases while tangent pressure and ot]ler parar[le-
ters  were co]istrriillcd to “truth”. Corresporlding  rrns
c]la~lges irl IIlixing ratios were t,llcn used to g,ivc the
ozorle systematic errors plottec] here (see Pigs. 22 and
23). ‘J’y])ically,  07,011c  uncertainties arising from sucli
])c)tcntial biasm  are of order 2-3 Yo, and somewhat
larger  irl tile lowermost stratos;dlere;  the 183 G}lz re-
sults are slightly less scrlsitive to tmnpcr-ature  than
t}lc 205 Gllz results.

l~rror sources numlmrecl  11 through 14 in l’ab]e 2
clcal with ir[]]mrfcct  krlowlcclge of emission features in
tllc ozone harld(s).  “llc dry air continuum is a scnni-
crll]]irical  cor]tributiorl  dmivcd from the radiance clata
ill wing cllanl]els of the 205 G}Iz  non-c) zone-ernissiorl
regiorls.  F;rrors  arising fro]n imperfect knowledge of
this corltilluur))  are obtainccl  by using a “worst case”
sccrlaric)  jr] tl[c fcwward  model, wit]l no such contin-
UUIII,  rcrld corn] )arirlg retrieved profiles to tllc standard
rur].

Silllilarly,  errors  in ot}ler colwtituents  SUCII  as lIN03,

N20, 1120, and S02 were considered, especially for
tlm lower stratosphere. These error sources lead
to profile errors primarily in the lower stratosphere.
1 IN03  was not retrieved by M 1.S software until af-
tc.r Versio~l 3 data were created, and here, we will
usc 11 N03 errors appropriate to this data version,
‘1’hc differences between ozone retricvrds  using clima-
tological  assutnptions  for 11 N03 versus M I, S-retrieved
IIN03  ]movidc a basis  for ozone errors arising from un-
certain know]edgc of 11N03. This error source she, ulcl
Iw rcduccd  in results frorll future MLS data process-
irlg.

N 20 is a contaminant. of the ozone data near 205
G117,  because of a line outside the oT,olle  band whic}l
]novidcs  a (sloping) continuum in the ozone ba.ucl,
],rir[]ari]y  ill tllc lower stratos])herc.  c;iven the l a c k
c)f enough spectral contrast for retrieving N 20, lJow-
cvcx, WC assurnc clirnatological  values,  aricl errors  irl
this rwsurl]J)tiorl  can lcacl to errors in ozone. A ays-
tc~llatic bias of 2(I % has bc.cn usccl here a.s tllc ba-
sis for the N20 uncertainty eflect orl ozone rctricva]s,
‘J’hc same has been done for sensitivity tc, }120  (this
slwcics also enters as a continuuln  eficc.t in the ozone
barlds);  the eflcct of water va])or comes lnostly  from
helc)w the tro],opause,  however, where large increases
allcl variability car) occur. Although MI,S data colI-
tairl information on water vapor slightly below the
tro])opause  (Read ct al., 1 994), t}lis is not part of rou-
tirle MI,S Version  3 Imocessing  and was Ilot used (as a
constraint) in the Version 3 ozone retrievals. ‘Jihc un-
certainty results for poor krlowledge  of these slmcim
arc displayed in Figs. 22 arid 23. It may bc that cer-
tain tiliics  and places arc I[lorc subject to these  types
of errors, auc] the values used here are only a guide.
C;crlerally, these effects arc to be co]lsidcrecl srnallcr
tllarl tile irlcxact  knowledge of tangent ],ressure (a~ld
tcvllperature,  to a lesser degree).

Pirlally,  the effect of S02 should have a small irn-
~]act on ozorle (at 205 (;117,) only during cnharlced
conditions (e.g. f o l l o w i n g  tllc hft. ]’inatubo  cru])-
tiorl).  ‘1’o  illustrate this here, we have usecl conditions
o f  enlianced  S02,  at the 1 J)pbv lcwe] in the ]owm
stratosJJlcre (rnorc than terl times  backgrourld,  b u t
tcrl tir[les less tharl  the highest l’inatut)o  effect OIF
served t,y MI,S, as discussed by lkad et al., 1993).
This  type  of S02 “contalliination)’  call give r i s e  to
5(RI ozone errors irl tile ]owerrnost stratos]herej simil-
ar to the effects of1120 arid N20 rllentiorled above, in
the 46 to 100 Ill’s range. }Iowcver,  under background
corlditions,  sucli errors will not ap]war;  also, a fu-
ture retrieval schcrne shou]cl  acccmnt for tlie a]noullts
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retrieved by M LS, especially uncler enhanced colldi-
t,ions.

We scc fmn the right panels of Figs. 22 and 23
that uncertain knowledge of certain atmospheric pa-
rameters can have a significant impact on ozone ac-
curacy, especially at the lowermost altitudes. Most
of tliese factors play a minimal role, however, for al-
titudes above 46 hl’a,  and tangent pressure uncer-
tainties tcmd to dominate other effects at most alti-
tudes.  }rrorsin  lninorconstitucnts  O1s OO and}102
are neglif;iblc because of the small signal st,rengt}ls
arising from tllesc molec.ulcs; the O]sOO Inixing ra-
tio should be well enough constrained from the ozone
retrieval values, based on the expected isotopic ratio.

Finally, there is asnlall residual spectral baseline
irl the MI,S sjmctra,  after an clrrpirical  (post-launch)
set of c]l:~l)]le]-de~>clldent offsets  of order 0.] ]{ ])SS
hcxm rclrloved  from thesJJcctra, byusing data at the
highest tangent altitudes (Jamot et al., 1994). Vari-
ations  ill this residual tmsclinc (as well as slnall  aver-
age cha~lg;es determined since the Version 3 data were
processed) can bc used to ascertain the effect of this
error source. Since t,hesc variations are of order a
few hur)drcdths  of a degree or less, tyl,ically,  this  will
IIavc Illirlilnal  (Inuch  less than IYo) impact Orl 0z0rlf2

retrievals, where signals are of order tens of degrees;
other errc)r contributions make this source of error
rlcgli,gitdc. A scan-dc]mrldcnt  spectral baseline would
riot bc detcctalde in normal operations, but analy-
sis of radiarlces  takcrl durirlg  satellite roll mai)cuvers
shows this isirlsignificarlt  (for individual retrievals). .

Figures 24 and 25 give the total estimated er-
rors (raudcnn,  systmnatic,  and a priori cor)tributions,
along with tllc root sum square of these as total error)
frorll the (root sum square) cornt)inationof the error
sourccs discussed above, forthe 205 G11z and 183 G}]z
retrievals, rcs]>ectively. We can scc from these figures
that tl)e 205 Gl]z  ozone uncertainty is not dominated
Lythcsystel,,atic  eflects (rlnsestirnat eof10to15Y0)
whic]l account for the main ~)art of t}le 183 Gllz errc)r
t)ud,gct  (irlthc] to20hl’aregiorl).  Ozone resrrltsfrorn
tllc 183 GllztJand will bcrnostuscfu  lforrnesospheric
studies, es]mcial]y  those dealing primarily wit}) rcla-
tivechangcs (c, g. diurnal variation analyses asin lli-
r-rruri  cl al., 1994). “1’lle random (nleasurerncnt)  noise
collllJorlcxlt plays a major role for 205 G}lz ozone data
frorll 0.5 to 10 h~’aj with (rrns) systematic effects ])os-
siblc also at, the 2 to 9 0/0 level. At 46 and 100 hl’a,  the
a priori and systmrnatic error contributions Wi]l dolrl-
inate;  this is evident iu so~ne of the comJ)arisons  dis-
cussed in the next sect,ion, as well as in t}lc artifacts

nlerltioned  earlier, where averaging the profiles still
leaves a systematic effect - for exarnI)le  the yaw cycle
dc~,erldcncc at 100 h} ’a, “1’he  estimated uncertainties
derived by the M 1,S software algorithms arc also irldi-
cated  in Figs. 24 and 25, for comparison; these values
are generally somewhat larger  than the estimated pre-
cisicm in the profiles, from a fcw percent larger in the
u~~lxx  stratosJdlere  to a factor of more tharl two at 100
Ill’a. Mid-to lower stratospheric Level 2 and 3 pro-
file errors should thcreforw  be looked at m being close
tc) the total (random plus systelnatic - and a J)riori  -)
rlns  error for ozone results at 205 GIIz,  and ass a lower
bcmnd to the total (r-ins) error for the 183 G}lz ozone
retrievals. Ideally, statistical quarltities  such as the
estimated errors in average ozone (over a latitude re-
giorl arlc]/or a J)eriod of time) should also be handled
with these  facts in Iniud,  namely that only the ran-
dcullJ)art  of the total rrllccrtairlty  can be rcduccd by
the averagirlg process; in J]rinciJ~le, the a ;)riori error
colltritmtiorl  cau alsc~ tm re~rloved (see e.g. Connor  CL
al., 1994). Using in large part the figures above, we
will surnrrlarize  the estirliated  precision and accuracy
values in tabular form in section 7.

We note that thcc)ptirrluri)  useof  all channels  (es-
]wcially for 183 G1lz ozone data) and the suppression
of the radiance  error irlflator  factor (see section 3) -
wllicll may not tJc urlreasonable  in the future - would
lead to a reduction ill estimated precision and aJ)ri-
oricontritnrtion. ‘1’csts witli thisiu rnirld suggest  that
tile rllairl change for tile 205 GIIz data would be a
prccisiori at 100 h]’a closer to 0.25 ppmv,  and a value
of 0.1 J)plrlv for a Jmiori error contrit)ution  at pres-
sures hctween 100 arid 1 h] ’a. For the 183 GIIz ozone
dtita,  the a priori error corltributiol,  would bc sigrlif-
icarltly less tllarl 0.1 pJnrlv  froxrl 1 to 100 h} ’a, and
tile Jwcision  would still bc -0.1 p]mlv for this re-
giort. in additicm to this, systematic errors may not
be m ]arge as these estirllatcs,  WhiCh arc! riot a defirlite
slatelncr!t  about w]lat biases  actually exist. lrl fact,
radiance residuals rna~)ped  onto pararl]cter  space lead
us to tmlicvc that this “resiclual  error” nlay tyl)ically
be of order 0.2 plnllv for tllc 205 G1lz ozorle strato-
s],]lcric  data (usirlg irll])rovcd software a]gorithl[ls);
this is slnal]cr  than tho systematic error cstirnatc  of
l’ig. 24 iri the ]owcr  stratosphere, although this type
of rwiclua]  error cau only bc looked at as a rninirnur]l
systclrlatic  error (SOIIIC  errors, SUCII  as a lirlc strength
error, wc)ulc] rlc)t show uJ) irl the resicluals). For ozone
data fro~ll tile 183 G1lz baud,  howcvm-, residual er-
rors in the lower  stratosphere (even with an irnprovcd
iterative retrieval) a])pear to be of orcler 0.5 ppmv or
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lnore,  and more work will be nrmdcd  to understand t}lc
sources of systelnatic errors (and rcducc the]:]). Nev-
ertheless,  irnprovcd measure~nents  of 100 h~’a ozoIIe
]nixi~g ratios froII)  LIARS  MLS arc likely in the fu-
ture.

6. Compar i sons  with other Data Sets

in t}lis section, corrrparisons bctwccn M1,S ozorle
(205 GJ17 data) and other  clata sets  are Inadc,  ‘1’his
S]lould, in princi~)]c, give results  which are corn] )atihlc
with the estimated accuracies given in sectiorl 5.

Com]mrisons with ozonmoxIctc  datri

Colnp:trisorls  are )nade be tween  MI,S 205 Gllz
OZO]IC micl ozonesolldc  data from selected sites, irl the
100 to 10 hl’a  rallgc.  q’he ozonmonde  data USCC1 here
generally include about a year c,f ~ncasurmncmts  and
cover a range  of latitudes: Ilouldcr  (40N, 254.7 E),
llilo (19.4N, 205.01;),  Asccr,sion  ls]and (8.0S, 345.714;),
IIrazzavillc  (4.3S, 15. OJI), Gard~rmocn  (60.1 N, 11 .01;)
and McMurdo  (77.5S, 166.411). A scarcll for possible
biases ill tllc hfI,S datasct is one goal of tllcsc a~lal-
yscs, awu~ning t}lat tbe data used a~ comparison arc
srrflicicxlt]y  accurate; we think this is the case but the
“true” atmos}hcrc  is difllcult  to characterize at t}]c
srrbfivc  Imrccnt Icvcl of accuracy, and rnrrcll work is
rccluired  ~c) ~)rcwc that sucl) a goal call be (or has berm)
IIlct. As [L guiclc, the error bar  o]) the ozonesondc  data
]mxcrltcd  here is taken to be 5 % of the ozone abun-
dance,  which is probably somewhat of an undcresti-
~rlate, I)articular]y  at 10 hl’a,  tramd on earlier analyses
relating to this Incasurelncnt  tec}lniquc (Barmrw  et al.,
1985; IIilsenrwth CL al., 1986); indeed, this “canonical”
nu)nher  I nay apply to precision as well as accuracy
(scJ)aratcly),  but wc will consider enough profi]es  il,
the average comparisons below that the uncertainty
in the ]ncan wil] he dominated by the absolute know]-
cc]ge (accuracy).

‘J’lIc  frnc resolution ozoncsondc  data taken at vary-
i~lg tirllc  and space ‘(locations” with res]~cct  to the
coarser M 1,S ])rofrlcs  lend themselves better to stat-
istical analyses, rather than individual colil]}arisons.
1 lowcver, for IIouldcr,  wc present a fcw exanlp]cs  of
individual ~)rc)filc colnparisons  (see Fig. 26), o])e for
each sca$on in 1992. Cl]a]lges as a function of tilne
arc sirl)ilar  for both sets of data (e.g. tllc s~wing lllax-
ilnum is observed in ~)anel (b) of Fig. 26). We have
deliberately clIoscn to show in ]Jane] (d) of this figure

a pc)or comparison at 100 hPa, where the Version 3
M 1,S value significantly overesti~nates  tllc ozoneso)lde
Value.

A full year (1992) time series coxnJ)arison for all
of the coincidences bctwecll 1992 }Ioulclcr  sonde and
M 1,S profiles is given irl Fig. 27, for tl,e four MI,S
retrieval surfaces (10, 22, 46, and 100 1)1’a) witllirl
tllc ozonesonde stratospheric altitude range. ‘1’hc
ozoucsondc  data arc si]nply  interpolated onto the
hl 1,S rctricwal grid. We ldan to invd.igatc  possitde
cluantitativo  effects introduced by the cliffcrcnt  verti-
cal resolutions of these instrurncvlt,s,  hut wc feel that
this will not change  the Inain conclusions reached
here. At 10 hl)a,  ozonesondc  clata are ge~lerally con-
sidered less reliable than at the higher Jmessures; how-
cvrx-, the cyclic a~lnual ozone variatio]ls  at this leveI
arc observed to be silni]ar  in both  datascts. 7’}Lc  sarrlc
a]l]mars  to hc)ld for the 22 a~ld 46 hl]a  ]evcls, w]lcrc
t}lcre is good tracking of tile more co~rlI)lcx  temJmral
variatio~ls irl these clatasets.  At 100 hJ’a, the hIl,S
Version 3 values are not very useful, give]] the size of
tllc esti~natcd  uncertai~ltics,  and a significant co~n])ar-
kOh  of the ViiriatiOIIS  k IIOt  10~aTli[lgfU1.  ]] OWCV(T,  the

average values at this level agree quite well; this is il-
lustrated iu Fig. 28, wl)crc average solldc and hll,S
],rofilcs  for the datascts shown in Yig. 27 are dis-
],]aycd,  a]ollg with J)a~lcls of Illcan aucl rlns  cliffere~lccs
(in J,]nnv arid ]xmccnt) and other quar,titics  discussed
IJC1OW.  ‘1’hc  ]ncan diffcrcmccs at all (4) ICVCIS  of irltcr-
cst arc only a fcw Imrcenl, whicl] is within  the overall
uncertairlty  (]]recisio~l)  of the average values obtained
llcrc (the size of tllcsc uncertainties is at lnost  the full
wic]th  of the squares usec? as symbols for the ~ncal)
diflcrcnces).  Any relnaining  average differe~lces  would
IIavc to bc attributed mainly to systelnatic errors in
c.ither or both datascts, although a cornIJonerlt  of this
]tlay colne froln the different vcrt,ical  rcsolutioll  of the
illstrulnellts.

The  standard deviation of the differences (betwecll
M1,S and solldc data) is displayed in the Lotto]n  pan-
CIS of Fig, 28 (o])cn  circles) for colnparison  with the
estimated r~[ls precision of the diflercnces  (solid cir-
CICS), i.e. tile root suIIi  scjuarc  of the typical MI,S
and sonde precision (SCC sections 5 and 7 for MI,S
c)zorle precision values). onc woulcl Cxl)cct the stari-
darcl clcwiatic)n of tile difl’rxcnces  (which rc~lloves  any
average l)ia.s between t}le two datascts) to be eclual
to or larger t]lan t}lc rlIls J)rccisio~l estirnatc.,  and we
scc fro~n  J~ig. 28 that this is the case, lmt the stan-
dard deviations ca~l be a factor of two larger  than
the rlns  ]mcisicn]. ‘1’llis  could have several ex]Ja~la-
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tio~ls: the possibly conservative 5% precisio~)  VaIUC
for the. sondc data (especially at 10 hPa), true at-
~llosldlcric variability bctwccn the profiles sampled at
non-coi~lcident locations and times, vertical and hori-
zontal resolution differences tmtween M 1,S and sonde
profiles (fine scales not resolved by M 1, S), or other
errors in the profile mea.surcments.  We ~)]a]l  to irl-
vcstigate  the vertical resolution effects by vertically
sllloot,hing the sonde data to the MLS resolution . It is
worth noting here that a large number of (smoothed)
SAG 1+; 11 ozorlc profiles have been compared to M 1,S
OZOIIC  profi]cs  (SCC Cunnold  et al., 1994a)  and that
the sta~ldard deviations of the differences between
these datascts agrees well with the rrns precision esti-
r[lates fc,r the con]l)ined (difference) data. l’he  other
quantity shown in t}le bottom panels of Fig. 28 is
the rlrw diffcrcr]ce  between MI,S and sonde profiles
(this equals  tile root sum square of the average differ-
ences and the standard deviatior]s  of the differences);
the r]lls differences obtained in this section are often
dorllinatecl  by the standard deviation of the differ-
cvlces (i.e. the bias is small compared to the standard
deviation). ‘1’hesc  r~ns diffcrm]c.es  could be viewed as
an absolute worst ca~e total uncertainty ill the M 1,S
])rofilcx.

llilo site

l’lots  silllilar  to Figs. 27 and 28, but for co~l]J)ar-
isons bctwcmrl  M1,S ozone and Ililo  ozonesorlde data
cluring  1992, arc showII  in Figs. 29 ant] 30. “1’he
agrcerllcmt  at 10 and 22 111’a is almost as good as for
}Ioulder  at those lCVCIS (rlear 59+, r[learl  diflere~]ce,  with
hl 1,S sli~ht]y high, and 5 to 10% rrns difference). A
Iargcr ]mrcelltage  difference is observed ill the lower
st ratos]dlercj  with M 1,S ozone lower than the avcr-
ag~ SOTICIC value at  46 h?’a by alll)ost  0.5 pprnv (~
20%), alld larger than t}lc sondc data at 100 hPa by
N 0.2 ])])]nv  (whic}l is a large pwce]ltage  diffmcncc at
the low values of ozone obscrvecl there). Excluding
the 100 h]’a lcwcl, t}le ozone variations rlleasurcd  I)y
tl]e sorldcs  as a function of time at the various ~messure
surfaces are well re~)roduced  by changes in the M 1,S
CWOIi~ rc(ricvals  (with bia%cs as rncrltior!cd  above). Al-
ttlougll  tl]c t)iases  arc somewhat larger  than for the
Ikmldcr  sonde data, the standard dcwiations  of the
clifl’ermlces  (SCC Fig. 30) are sc,rncwhat smaller, and
tile total (rills) cliflerences  are not very difl’ererlt  frorl}
tllc values (irl I)plnv)  shown in Fig. 28.

A sccnsion  Island and IJmzzavillc  sites

‘1’hc tropical ozonesorlde data are of particular inl-
]Jc)rtallcc  since the cruptiorl  of Mt. Pjllatubo, and we
cxa~ninc  next two datasets irl the regiou just south of
tile equator. Comparison plots arc given in Figs, 3]
and 32 for Ascension island, and in Figs. 33 a~ld 34 for
Ilrazzaville.  ‘1’lIc results from the two sites, for about
cnle year of data (October 1991 to roughly Septemb-
er 1992) give consistent mean differences with MI,S
cmone.  A 5 to 10% syste~natic  overestimate of the
so~ldc ozone values exists in the MIS abundances at
10 and 22 hl]a,  while a * 20% underestirllate  occurs
at 46 h~’a. ‘J’here secrns to tJc sonlcwhat  better agree-
lnent  ill the later ])ortion (summer) of 1992 than dur-
ing the earlier time period showr]  irl Figs. 31 and
33, at least at 22 a]ld 46 h] ’a. ‘J’}lere may be some
irllprovcrllent  based u])on newer retrievals (discussccl
later in this I,a])cr), which take into account the effect
c)f IIN03  on ozcnle - and include updated 02 spectro
scopic pararncters,  but full confirlnation  of this will
have to await rllorc reprocessing of M1,S data. As can
t,c scell in Figs. 32 and 34, the stanc]ard cleviaf,ions
cjf the differences are again about twice the cxtirnated
rtlw prccisio~l, in many instances, with implications
as discussed above. Itrns  differences am overall not
very diflcrent  than those sliown for the IIoulclcr  and
IIilo sitm.

Gcrrdcrrnom  site

Figs. 35 arid 36 arc similar irl fc)rlnat to the above
co~])])arisor]s,  but they apply to the Norwegiarl  site
cjf G ardcrrnoc~l. ‘1’he ozorlmonde da ta  we obtaillcd
IIcrc cover about a year, but for 1993 (and one sour} d-
ing in early 1994) m opposed to the earlier portion
of tile UAR.S ]nissiorl.  Alsc), althougl!  the total nunl -
bcr of ozorlesorlde  profiles is not nlucl] different t}lan
c)t, her cor[l~)arisons above, these data are wcig}lted
fairly  ]lcavily towards t]le winter Jmriod.  Although
atrlloslJhcric  variability and dynamics n]ight  be ex-
],ected to play a bigger role for ttlc corn])  ariso~ls at
this site, esl,ecially  ill or llcar tile wirlt,er  J)olar vortex,
the r~l)s differences of Fig, 36 arc sinli]ar  tc, those 01)-
tairlcd  frorli tile tro~)ical and rnid-Jatitude  ozorlcsorlc]c
corn J)arisons  SIIOWII  above. Irl fact, a significant ],art
of these differences are systcn[latic  ill rlature,  as car!
I,c secxl by tllc N 0 .3  pprnv bia~ bctwccn MI,S ozone
aIIcl the sollde data (MI,S values being higher); this
tirllourlts to a fcnv to 1090 overestir[late  by MI,S, cxceJ)t
at 100 hl’a  where tile ]mrcentage  diflercnce is about
40Y0. ‘lkerlds are generally WCIJ re]mocluced  by t,oth
ciatasets,  ancl tile stanclard  clcwiatiorls o f  tile differ-
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cncxx arc C.1OSC to those  shown above for other sites.

Mc.Mur-do  site

“]’hc ]asl  ozoncsondc  datrwct  wc present is for Mc-
Murdo,  Antarctica, where the ~,criod  of most inter-
est k during  the occurrence of the ozone hole.  The

t.ilnc  s~jau covcrcd by the combined MI.S and sonclc
observations over McMurdo  for 1992 is from late Au-
gust to ][~id-Sc]Jt,c~llt)cr,  along with one coi~]cidence in
late C)ctobcr  (SW the ti?nc series comparison in Fig.
37). liather good agrcc~ncnt is c,bscrvcd  in t}lc ozone
values a~ld variations at 10 and 22 hl’a;  in partic-
ular, tllc large incrczwe in ozone abuudanccs  whic]l
hM occurred by late October is tracked very closely
I)y both hIl,S and sondc clata (SCC also at 46 hl’a).
At 46 Ill’a, the Scptc~nbcr decline in ozone is seen in
I,otli datascts, although MI,S values tend to be sys-
tclnatical]y lower tllau the sondc data. A consistent
ovcrcstill)atc  c)f t}lc (sondc) ozone values }Jy MI,S data
at 100 Ill)a is obscrvccl,  even if one can argue that
the largccstilnatcdcr  rors in MLS ozoncat this lcvcl
call cxldaiu  the diflcrcnms. ‘1’his overestimate is even
larger  tlla~l in tllc l~igll ]Iorthern  l a t i t u d e  (Gardcr-
]IIOCV])  case, a~lcl a factor of two difference exists here
ill tllc average profiles (for Scj~ten~bcr  1992), about 1.5
l)~)~nv  for h41,S  versus 0.7 pplnv  for the sondc, as seen

ill Fig. 38. “1’llis is caused in part by the occurrence of
u~lrcalistic  ozone “bulges” at 100 hl’a  in so~ne of the
hfll,S ])rofilcs, where 100 hl’a ozone values arc larger
tllall  tile 46 h}’a values. SUCII  features arc not ok,-
servcd in t]lc ozol]csondc data and tl]c M1,S retrievals
Ileml a systclllatic irn])rovcmcnt  in this respect at 100
Ill’a, rcgarctlcss of the non-negligible noise level of in-
dividual retrievals at this height. Wc arc illvcstigat-
irlg t}lis issue to assess w]lcthcr  this might be related
to ])oor kllmvlcdge of “contaminant” species (such as
1120, N20)  or }IN03)  in this region at this tilne.  howe-
ver, it is worth noting that the standard deviations
of the differences arc smaller, for hlchfurdo  than for
ottlcr  sites considmcd  shove (csJ)ccially  at 10 hl’a),
irldicatillg  good tracking between t}lc two datascts,
regardless of ally biases.

,$U?I1 ?Il fll’y

l~ig. 39 sulnll)arizcs  data from the 6 ozo~lcsonde
sjtcs ]Ilcritioned above, as cornparcc]  to hll.S ozonr!, ill
ter]lls  c~f average values at 100, 46, 22, and 10 hl’a,
alol)g wit]]  average and rms differences ill I)]HIIV and
lwrccnt,. l;vcll tlloug}l the ti~tlc periods of observation
are ~lcjt idcxitical, t}iis indicates how latitude varia-
tions  frox])  averaged ozoncsondc  data arc rc]woduced

by hll,S  coincident profiles. Even at 100 h] ’a, the
average trends with latitude look encouraging. Sen-
sitivity tests wit}) latitude-independent a priori ozone
indicate that the retrieved latitudi~)al  variation is to
a large degree unaffected by the choice of a priori,
even at this pressure level (tile variation observed by
hll,S  is ~iot - to first order - “caused” by the a priori,
t,ccausc  of poorer measurcrncnt  Sensitivity). in sc)mc
instances (cs~mciall  y at high latitudes), an hf 1 A over-
estimate of 07,0nc at 100 hl’a  exists, althoug]l  we IIOtC

t IIat only half of the datascts used in tile comparison
IIcrc show this as a significant problc)n.  The general
dcvclopmcnt  of t}lc ozone hole ant] t}lc s])ringtilne  re-
covery is well followecl  by MIA data, iu accord with
average colu Tnn ozone coln~]ariso~ls  versus ‘1’OM S in
the polar region (see Froideuaux  ct al., 1994). }Iow-
cvcr, given the biases  as well as  tllc random errors,
hll,S ozo]lc (Version 3 data) at 100 h]’a cannot be
co~lsidcred reliable for detailed scientific analyses. At
46 hPa, there  is a tendclicy  for MIA data to lie tw-
low the ozoncso]lde mm.surc][lents  by a fcw tenths of
a ])]nnv (except at ~~arderlnocn, where the bias is re-
versed in sign). Some of the ahovc diffco-cnces may
I)c related to closure ])roblems in the silnulations  (see
discussion of section 4). At 10 ancl 22 Ill’a, ~ncan
diflcrcnccs  arc systc~natical]y  close to 5Y0, wit]]  M1.S
ozone values higher  than the so~ldc data; r~ns difler-
CIICCS  generally vary twtwecn 5 ancl 1570. ‘1’e~nI>oral
variations obscrvecl irl the soridc  data (as displayc:cl ill
I)rcvious  plots) arc gcilcrally  well tracked by the MI,S
205 G}lz ozoJIe retrievals, froln 46 to 10 hl’a.

(:on~~mrismls with ozollc data f rom b a l l o o n
flights

We now present a summary of colnl)arisons  bc-
twccn h41,S ozone data and ]nid-latitude rneasrrre-
: ncnts  obtained from large balloon flig}lts bet wcml  fall
1991 and s])ring  1994. ‘1’hc  two datascts discussed
lime arc the UV photolneter (in situ) results (8 flights
total), aud the Sulnnillilneter  I,irnb Sounder (S1,S)
clata - rcl[}ote scllsing si~nilar  to tllc M 1,S tcchniclue.
‘J’IICSC  two datmcts were chosen primarily because
t h e y  contai~[  a sig[lificant  ~lumbcr  of ~)rofiles, even)
though it is clear that the frequency c~f these  flig})ts
cannot  Inatch  t,llat, of ozoncso]ide launches. ‘1’]IC tml-

loon flights wcrw llladc  eitl[cr fro~l] IJaggctt,  California
(34.3 N latitude, 256,4 J; longitude) or fro]n  Fort Su~n-
]Ier, Ncw Mexico (34.9 N latitude, 243.2 E longitude),
a~[cl wc J]rcsent, average results for statistical reaso~ls
(and for brevity). ‘1’imc-smies  *,lots arc l,ot  a]>pro
])riate  ili this case, givcrl tllc relatively ])oor tc]nl)orat
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coverage of tralloon flights. However, equi[lox condi-
tio~ls at rnid-latitudes have the advantage of providing
a relatively static stratosphere, so that differences due
to at~nospheric  variability can be nlinirnized.

U V phof  omcl w data

“1’lle lJV ]Aot,orneter is generally considered at[long
the most accurate for ozone profile I[leasurelrlerlts
(Hdsrxlmth  ct cd., 1986). We have combined 8 pr~
files frcml a UV in situ instrunlent launched atroard
large balloons (which can reach somewhat higher al-
titudm t}la~l ozonmondes).  Individual MLS and {JV
]Aotometer  ozone values (6 of which are for profiles
measured withi~l N 300 krn of each other, and all of
whicl) arc within  900 km) are  Ilot show!!  here, but,
corn])  are quite well, i.e. essentially always within the
esti]natcd  cornbirled rrns accuracies - of order 7YQ at
best. A small trim emerges, ]Iowever, t>etweerl the
two datascts, as seell frorrl tile average colnl Jarisorl
]wofilcs  of l~ig. 40, and the bias accourlts  for a sig-
nificant ])art of the rlI”lS differences kretween 22 and
5 h] ’a. ‘J’}le MI,S ozone values are, as irl the con]-
Imrisons with ozollesondes,  slightly higher that!  the
U\~ data (by about 5VO)) near the ozone peak - from
5 tc) 22 hl’a.  Agrecrnent  at 46 and 100 hl’a  is Let-
ter than 0.1 ])plnv,  but even such a small  overesti-
r)late by MI,S (versus the irl situ data) can anlount to
* 20%, at 1 ()() h] ’a, where the mixing ratios arc sr:lall
(Icss  thar,  0.5 ],~,r,,v).  Rrns differences for t},cse corn-
]>arisorls  are of order 0.5 I)prnv at all heights, which
a~l]oullts to 5-20%,  betwm~l 4.6 and 46 h] ’a. For the
cstirl Iated precision of the UV photometer, we have
USN]  2% IIere,  which would correspond better to the
ol]scrvecl  rtlls  variability (at balloon float altitude for
cxa][l~dc)  than tllc 5% canonical number used above
for ozoncsor[des,  The  standard deviation of the differ-
eltces it) Pig. 40 arc reasorlably  corlsistcnt  with (but
gcwrxally  sor]lcwl)at higher than) the estimated ]me-
cisicm of t]lc cornbi]lcd datwcts.

,$’1,,S’ da.! a

Ozor}c is n~ewured by the S1,S expcrirner,t  (Stach-
}lik ct al., 1992) fronl emission at 625 Gllz, as tile
FOV scalLs through the ritmosphcrc  frolll the balloorl
at float  altitude (* 38 kr]l); some irlforrnatiorl  is a]so
retrieved about the 07,0ne abuuc~at~ce above this al-
titude, albeit with poorer accuracy. ‘1’hc S),S ozone
])rofile  averaged cwm the 5 rnid-latitude flights (all
near  cquirlox) is disl)laycd in  Fig. 41, along with
tllc corrcs])orlclil)g average  M1.S profile, and the sets
of difference values. “J’hc differer,ces are very snla]]

throughout the stratosphere, i.e. a few pcrcerlt  sYs.
tmnatic difference (not really siguificarit,  given the rel-
atively s]nall number of coincident profiles), wit}~ the
M 1S values geuerally  on the high side. We expect
this slllall  difference to be reduced when the newer
hll,S  software - with updated 0 2 sj)ectroscopy  - is
used, since a few YO reduction irl ozone (at least  above
10 h} ’a) is then likely (see section 8). The starldard
cleviations  of the differerices  between M 1.S and S1,S
are as srrlall as any others presented above, and are
co~lsistent  with the combined  error estimates shc~wn;
IIowevcr, these estimates irlclude values whit}] repre-
sent accuracy (one sig~lia) rather thal~ lnecision  for
tllc S1,S data aud the actual prccisiorl for the S1,S
J,rofrles  (which represent averages of many single prw
files) is undoubtedly lower than the 5 YO assurnptior)
rllade here. “1’he rnairi poiut,  however, is that t]lc av-
erage M 1,S and S1.S profiles presented in Fig. 41 are
rcrllarkably  consistent.

Com]mrisoxls  wit]]  l ick data

7hblc Mountain Facility (7’MF)

‘J’hc ‘1’able  Mourlt.aiu Facility lidar  has acquired a
large collti~luous  ozone database since 1988 (see A4c-
ljcmid, 1993), arid for this reason, wc focus }lcre orl
cor[lparisor]s  of this datesct with MI.S ozorle (205 G}lz
bayld) for the first, 2 years of MI,S operations. lr’edaclli
ef al., 1994 have discussed sarnrde co]llparisorls  be-
tween M1,S data and lidar  data from l’Aquila,  and
cc))llparisons  with other lidar  systcr[}s  are ~)resc~lted
ill G’rose and Gil/e (1994).

“1’irne  series comparisons from MI,S aud “1’M}~  ]i-
dar data are disJdayed in Fig.42,  and average profile
colllparisorls  are shown in Fig.43.  As we see frorll
these  two figures, the IO hl’a  cornparisor)s give re-
sults which arc in better agrecrrlcilt  (orl average) tllau
tile c,ther clat~<cts  show]i above; narllcly, t})m-c  is cx-
crllcmt agrecr[lcnlt bctwec]l  the ‘1’M1~ liclar data aud
M1,S ozorle at this lcve.1, whereas a slllall  but systcnl-
atic 5% oflset was evident irl the other dataset com-
}mrisons. If the ozorlcsonde data and UV results arc
ccmsidcrcd  as “truth”, this WOUIC1  imply that both the
‘1’M}?  lidar  arid M1.S values are bimed  high (t,y at,out
5 %) near 10 Ill’a. Fig. 42 shows exccllcrlt tracking of
tllc annual cycle at 10 111’a for hlI,S arid lidar  values,
arid }Jig. 43 gives rr[ls differerices  close to .570  at this
ICVC1. Corn], arisor)s  are nearly as good for the 4.6 hI’a
pressure surface. Systerllatic  diffme]lccx M,wceIl tlic
‘1’lvl}r lidar  ar]d MJ,S data begin to a])~)ear ir) tile up
])er stratos~)llcrc,  where the liclar values becorl]c  sol[]e-
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what, larger than the MIS data, especially at the top
level of 1 h] ’a, where the bias is of order 15%. The
standard deviaticms  of the differences between MIA
ri]ld liclar profiles increzwe with altitude, reaching 20%
at 1 lil’a; this could k irl part because of larger atlno-
sl)hcric viiriability  at the ujlpcrnlost  lCVCIS, arid also
bccausc  of the reduced sensitivity of both instruments
irl that rcgiorl. Firlally, we note from Fig. 42 that
there is a ti~nc ],eriod,  namely during April and May
1992, wllcn corllJ~arisons are significantly worse than
average; in these ~nonths, the liclar data exhibit solne-
what r~lore scatter than at other times and generally
lic significantly higher than the hi 1,S values. Prclirn-
illary investigations indicate that some of this could
arise as a result of tllc transformation of lidar  l)ro-
filcs from altitude to pressure coordinates, but this
will require further rcscarcll.  Colll])arisons  with other
datascts lnay a]so hc]p rcso]ve  the systematic difler-
CI I cm d iscussccl  above.

[)tllc!r dtitascts

‘1’IIc pur])ose of this section is to lnention  other
ozorlc  datascts for whic]l wc know some com]Jar-
isons with M1,S data exist;  this can hc]p Idacc the
above discussions in a broacler context. First, a large
rlu~nl)cv of profllc com])arisons  between hII, S ozone
(from the 205 G}]z band) and SAGE  11 ozone data
have l,cen ]mrforlr]ed  and ]~resentecl in 6’u!~nozd  ct al.
(1994a). ‘J’hc general conclusion of t}lat work is that
MIA (Version 3) c)zcmc values arc about 5% larger
than tl[c SAGIJ  11 data, for the stratospheric values
ccml],  arcd (dowil to about 30 h]’a);  this result is (to
first order) not latitude or height dependent. ‘1’his
would tmld to agree with a good fraction (but IIot
all) of the coln~)arisons  shown in this paper for 10 and
22 h] ’a. }Iowcver,  the “1’hll~ lidar  ancl MI,S ozone conl-
]]arisons (]]ressurcs of 1 to 10 hl’a) do not show SUCII  a
l)ias. ‘1’llis could bc bccausc  the ‘1’MF lidar  data also
have a sligl)t I)ositivc bias  (with respect to “truth”);
illdecd, there arc indications that tbosc  data arc on
the high side of other lidar  ancl grou~ld-based rni-
crowavc OZOIIC  data (SCC GIosc a~Jd G’illc, 1994), but it
is IIot  c]car t,]lat, a sufficiently extensive study has been
],crforrllcd. l]asccl 011 soInc of the a~lalyscs discussed
in Grose mid G’ille (1 994) ancl other comparisons (J.
Gleason, ]Jrivatc col]-l~l~~lrlicatiorl, 1994), MIA ozone
zollal rl]carl  values arc gerlcrally  larger than the So-
lar llackscatter lJltraViolet (SI;lJV/2) mean data, by
al)cmt 10 to 1 L“X,, with t}le a~n])litudc of tcln])oral  vari-
atimls  larger ill the M 1,S datasct tha]l  ill the SllUV/2
data (J)ossibly in relation to the different, vertical res-

c,]utions); an ur]dersta~ldillg of these differences will
require further study. Another set of ozone profiles
c)f interest is the datasct from the Atmospheric Trace
Mc)lecu]e  SpcctroscoJ~y (A1’MOS)  experiment aboard
tllc S1)acc Shutt]c  (A’I’LAS  missions); very encc,utag-
illg comJ)ariscn)s  are erocrging  froln such studies (M.
Abrams,  private co~nmunication,  1994). Flrrther  coln-
parisons  of lJARS  ozorle datasets call bc f o u n d  i n
~;u)inold et al. (1994  b). Also, validation work of ill-
tcrcst would involve the coxnJ)arisoll of mapped prod-
ucts at a given pressure. General features certainly
look si~nilar anlong  various instrument results (UAIU3
allcl S}lLJV/2 global data), but there arc so~ne difrcr-
e!lces (SCC e.g. ~Jrose  and ~i//c, ]994) W]liCh still  need
tc, bc fully unctcrstood.

i’. Precision and Accuracy of Versio~l  3
IJata

‘l’lie eviclcncc ~)rescllted ill this I)a]mr, arid the rcf-
crcllces to other coln])arisons  mentioned here, indicate
that the h41,S ozone clata can bc ~nost rcliab]y  USCCI
irl the 22 to 0.5 hl’a  region. CornJ)arisons  with scunc
clata~cts wllicll can bc considered accurate to about,
5% (i.e. lJV Ihotolncter,  ozoncsonde,  and SAGE 11
data) give 5 to 10% (or better) agrec]ncrlt.  MI,S data
ill this rcgioll tcnc] to bc about 5 ‘%o larger than most
of the correlative values . We will sec in the IIcxt sec-
timl that this bias is likely to be reclucccl with a future
hl 1,S software version.

W C have derived esti~llated  accuracy values as a
function  of height by usi~,g the root suln scluare of
the mti~llated  syste~natic  urlccrtaintics  a~ld the a l)ri-
ori contritmtiolls  given in section 5. Even though  the
a J)riori  error contribution, or smoothing error (see
ilfcJrks and }{odgcrx,  1993) is treated a~ a random corn-
J,c,nent ill a theoretical sense (Rodgers, 1990), wc irl-
cludc it here a~ J)art of the accuracy flgurcs, si~lc.e av-
eraging  Illany h41,S ozone profiles in an altitude rcg,iorl
of Jjoor rncawrrement  sensitivity (e.g. at or above 0.1
hl’a  for 205 GJlz ozone data) would - ill the cxtrernc
case - give a clilnatological  value with error quite ]Jos-
sibly larger than the systc~natic  urlccrtainty.  Iiy us-
ing this al)Jmoacll, o~lc is kept aware of the fact that
there arc regions where the mcasurcrncnts  should not
bc considered rcliatdc.  For ozone data fro~n the 205
GIIz harld, rclullcled-off values arc C1OSC to 0.3 p~nnv
froln 22 to 0.5 h} ’a, and slightly under 0.6 ppInv at
46 h] ’a; the cstilnated accuracy at 100 h}’a for the
cnrrcxlt  retrievals is best expressed as being of order
50 Yo or larger, given the wide relative range of pos-
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siblc ozone mixing ratios (from tropics to poles) at
this altitude, We choose to round t}le estimates off
(genmally  on the high side) bccausc  these  numbers
are estimates with probably one only significant digit
(past t},e decimal point). If wc compare these values
to typical residual errors, WIC find good agreement and
sce no reason to change the estimates brwed on the ra-
diance  fits. IIased on the comparisons given in section
6 and the overall biases noted there, wc also see little
reason to change our estimates of accuracy (except at
46 hl’a,  sec below). lndecd,  these are to be used as
‘(O1)C  sigi]la” estimates, and the biases (and certainly
t}lc rms diffcrenccs) bctwccn  M 1,S and other datascts
provide at best an uIJpcr  limit tothc MLS accuracy
(since the other dat.ascts  do not have perfect knowl-
edge and true atlnosphcric  variability affects the rlns
diflcrenccs).  lnfact, we bclicvc that theestimatcdac-
curacy  is too large at 46 hPa, given the comparisons of
section 5 (where the absolute differences at 46 h]’a are
not typically worse  than at other pressures). l’here-
fore, in the tabulated recommendations for 205 G}lz
ozone accuracy (SCC “1’able 3a), we have used a value
of ().4 pluI”Iv (not 0.6 ppmv)  at 46 h]’a (or 2(JYo)  as
a guide. lndccd,  this q’abJc is to bc used as a guide,
and the reader can look at t}lc latitude dependence of
the co~n] )arisolw in section 6 for further information
on likely accuracy. We note, furthermore, that while
these ‘1’abJcs  are not inconsistent with the quality of
simulation results discussed in section 4, wc cannot
co)Ivcy  all the information from that section or the
colnJ)arison results in onc Tab]c.  in ter]ns  of preci-
sion, comparisons with other clatasets  and rel Jeata-
bi]ity cstirnatcs  for the MIS data indicate that the
mcasurelnent  noise contribution estilnates of section
5 arc reasonable; wc believe that atrnosJAcric  variabil-
ity and llolbcolocation  of llleasurenlents  accounts for
the additional variability in the diffcre~lces  between
M 1,S and other datasets.

I/or  183 G1lz ozone data, the estilnatcd values fro]n. .
a Jmor]  and syste~natic  error co~ltributions  given in
scctiorl 5 Iwovidc  the basis for the tabulated accura-
cies in ‘J’able 3b. Given the agreement (within the
co~l]t)illcd  Imcision  of the two ozone datascts) gener-
ally fou~ld bctwccn the 205 and 183 Gllz ozone data,
tl)c actual accuracy of the 183 G]]z, data is probably
better than given in the “1’ab]e. lIowcver,  the adjust-
Incl]t to the FOV pointing align~ncnt for the 183 G1lz
racliolnctcr  contains a scwii-empirical colnponelit,  anct
tllcre  is no doubt that - without other sources of in-
formation - the 183 G1lz data is intrinsically lCSS ac-
curate than the 205 Gl]z  data. Also, the existence of

larger  radiance residuals supports this assertion. q’yp
ical residual errors would apJ~car  to bc slightly lower
than the tabulated values, but not overwhellningly  so
(see discussion at end of section 5).

With the information contained in this I]al]cr on
~mssib]e  small biases in the current M 1,S ozone val-
ues, kecJ)illg  in mind again that “truth” is not rig-
orc,us]y  known at much better than the 570 lCVC1  of
ullcertaintyj  the user call hoJ)cfully  decide the levc]
c~f significance to attach to results obtained with this
datasct. It is not easy to assign a possible systen~-
atic error at the 5% level to one particular cause, and
a combination of factors could play a role, given the
error  sources discussed in section 5. ‘l’he most likely
sc)ur-ces of this kil)d of J)otential  5 Yo bias  (ba~cd on
tllc cornparisous  in section 6), particularly since it ap
J)cars to occur in the ul)J)cr  stratosphere wlkcre coll-
ta~riinant  rq)ccics Iday a ]Iegligiblc  role, w o u l d  arise
from slnall  errors in tangent pressure registration (an
error in the 02 63 Gllz linewidth  a n d / o r  au e r r o r
i~l FOV direction for the 205 G}lz radiometer) or
ill the 205 G117  ozone linewidth  itself. We also saw
that the likely sources of systematic error for the 183
(; 11 z ozone retrievals include the above factors (with
POV direction errors accounting for an even larger
co]ltribution  thali in the 205 GIJz radiometer czwie),
along with a si,gllificant  uncertainty in the kuowlcdge
of sideband ratios. It is possible t}lat the reason for
an apparent disagrccmcnt  between the FOV lnisaligrl-
lncnt  csti]nate obtaiucd  froln moon stall analyses and
the estimate obtained fro~ll a con~J)arison between 205
altd 183 Gl]z  ozone datrwcts  is because of a com-
~xmsating  error ill the sidcbaud  ratio vaJucs  for the
183 GIIz radiometer. Such issues ~nay be difficult to
resolve colnJdctc]y, but continued i~lvcstigations  arc
])lanllcd.

8. Plans for Further Work

A test version of software with rcxwnt updates is
IIriefly  discussed here ill ter~ns of cx~)cctcd  changes
in the future. One of the main changes involves re-
trievals of 1JN03 using tllc band 4 radiances (also used
fcjr retrievals of t}le 205 G1lz OZOIIC  data); updated
sl]cctroscopic  data for this nlolcculc  have also been
ot,taincd  (1’;. (;ohen,  lwivatc corrll[lullicatio~l,  1 9 9 4 ) .
III addition  to J)rovidiug  IIN03 data,  this  J)rovidcs
SOIIIC  it:l])rovcrnent  ill the ozone radiance residuals,
a]ld s]lould  give solncwhat  i~n Jwoved OZO]lC values,
])articularly  iu t h e  l o w e r  stratos})hcrc.  ‘l’lie ot}lcr
II)airl change is t}le inclusion of rr]datccl  sJ)cctroscopic
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data for hand I (63  Gl]z 02  linewictth data), hamd
on l,ietw d CJI.  (1992), which amount to a 6 % nar-
rower  linewidth. Other minor changes deal with het-
tcr  lnodcling  (in the forward model) of the sidcharlc]
ratio gradients within channels, a radiance  interlJola-
tion schclnc for the usc of radiance values at a tangent
I,oint J,rcssurc of 100 hPa (for slightly better infor-
mation content in that region), and a slnoother  a set
of priori (’~climatological’]  ) values for the lnixing  ra-
tios - to fill in solne gaps. Fig.43 gives a sullllllary
of OZO]IC results fro:ll this updated software (for a cme
day run ). We ohservc a sr~iall decrease in ozo~le above
10 111’a, increasing from O% (at 10 h] ’a) to a maxi-
]nu~n of 6% in the u]]~wr stratos]]here,  with very lit-
tle latitude dcpe))dcmce; this is a result of tllc lcjwer
(hy atjout 200 m) tangent altitudes retrieved usitlg
the newer OZ spectroscopy (see Fkdkbcifi et al,, 1 994).
lncreascs  in ozone are ot)served  in the lower strato-
sI)hcre,  reaching 20 ‘ZO at 46 hl’a,  with some latitude
clc~xmclence in the alnount of increase; this is largely
caused by the inclusion of IIN03  in the retrievals. Por
the 183 G117,  ozone retrievals, the 11N03  retrievals
~~lay no role, and tllc newer software predicts a de-
creax  of order 5 to 10’%0 i!) most regions, with only a
s~llall (1 %) illcrcasc  at 22 h? ’a. }Iowcwcr, we observe a
sigtlificant  iln])roveInerlt in the radiance fits (values of
X~,O ctro]) fron] about 14 to 4, on average), with si~ll-
ilar i~n~wovements in band 5 (I 120 retrievals), with
the IIewer  software, whic}l gives us so~ne added confi-
dence ill tile updated 02 sJ)cctroscoI)y  and resulting
tallgellt  }mxsures. “J’hc  bottom panel of Fig. 43 gives
tile ]Jcrcent diflcrcncc  hctween  the 183 ancl 205 G1lz
ozone data for this ncxvcr software. Most of t}lc dif-
ferences are not significant (giv.cn the uncertail~ties),
hut the systematic diflercnce  at 46 h I’a (of order 30%,
with 183 Gl]z  retrievals producing lower values) will
require furt}ler investigation. The accuracy of ozone
vducs  at 100 h}’a has not been improved by this newer
software, and more work is ~Lccdcd to resolve the ex-
istcncc  of artifacts noticed in that altitude regioll in
I)articular  (see section 4). Signifrca]lt iln]]rovc]nents
in this region will require better ~llodclil~g/k~~owlcdgc
of tllc lower stratosJdleric  continuum’ and COIltZLIJlj-

nant sprxics  - iuclucling better 1120 retrievals - and
a noll-lillcar  retrieval scllc~ne (for opti~nuln usc of all
cltanllcls,  especially at 183 GHz).

]~illZ~l]Y, t]lc vcrtica]  resolution of the retrieval grid
call bc iln]wovccl, even though tile precision at a givrxl
level would trc degraded. }rig.44 shows the trade-
off hctwecn vertical resolution and ]wccision,  for the
205 G] IZ ozone retrievals, assuming the current a pri-

.“

c)ri errors (mentioned in section 3). An optimum re-
tricwal grid spacing  of shout 3 ktn a~~pcars to exist, al-
t} IouglI  it may be more desirable to retrieve 011 the ac-
tual UAIH  l,cvel 3 grid points, w}licli arc only slightly
c]oscr ill spacing. We intend to explore these options
further fc)r  future upgrades to the software.

{)6 ~~nc]usio~~s

‘1’he h41,S ozone data have been discussed from the
])oillt of view of their internal consistency (radiance
clc]sure), as well as in conl})arisoll  to other reliable
clatasets.  l’recision and accuracy estimates for both
the 205 G}]z and 183 Cjllz data (M1,S Version 3 files)
IIavc hecn given, alld likely sources of error have been
l,rcscnted.

We find that the vertical range of usefulness for
t}lc Vcrsiou  3 (205 C;IIZ) data is 46 to 0.46 hl’a,
with 100 }lPa retrievals not yet colwistcnt]y  relii~tde.
‘1’llc rms precision is of order 0.2 l)pnlv throughout
] nest of the stratosphere, with estil[iated  (rvns)  ac-
curacy of order 0.3 pprnv (* 3% to more than 50%
- at 100 h]’a -). A large part of the radiance clcsure
]woblcrns  in the lower stratosphere wilt hc remedied,
it seems, by the inclusion of }1N03 rwtricvals;  bct-
tm know]cdge of other contalninant sI)ccies (such as
1 120 and N20) and tarugent  ~n-cssure  will also help.
Also, revisccl 02 spectroscopic para~ncters  should hell)
reduce the slight (5’%0  or so) MI,S overestimate of
070nc whicl) may exist in the mid-to up~)cr strat~
s])llerc (thrc)ugh  more accurate retrievals of tangent
pressure). At the sut~5% level, it becomes difTicult to
rigorously dcnnonstratc  that OIIC  datasct is the closest
one to “truth”.

For M 1.S Version 3 ozone values retrieved from the
183 G}lz radiometer data, the stro]lger  line can lead
to Inore precise Ineasurernents  in principle; however,
radiance closure analyses and absolute Inixillg  ratios
after launch pointed to the cxiste~lcc of larger sys-
tematic effects  in this dataset, r[lost likely as a result
of poorer  calibration knowledge. The optimum usc
c)f all cllan~lels in the future should i)nprovc the sit-
uation, especially in the Inic]-to lower stratosphere,
atid tile stronger line ancl relative lack of col Aami-
IIant sl)ccics  are a)l advantage for this datasct. “1’hc
currently rc.comrnended vertical range of usefulness is
46 to 0.046 hl’a  for 183 G1lz ozone results, but we
recommend the 205 G}Iz  data for the stratosphere
and the 183 Gllz data for the rnesosphere  (bccfiusc  of
the larger sigllal-t~noisc). Sigllificallt  ilnprovcmcnts
in closure arc known to occur wheII updated 02 spcc-



tmscopy  is USCCJ.

Futurw iterative retrievals will produce iTnprovcxl
[JA1tS MI,S datasets. Other engineering issues, like
increasing the s~mtral bandwidth, will ilnprove  fu-
ture lower stratospheric measurements planned for
the Nartll  Observing System (EOS) MI.S; note that
the lJAIM  hfll,S instru~[)ent wm not originally de-
signed for the lc)wer stratosphere, when chlorine-
catalyzcd  ozone depletion was t}lought to bc mainly
an upper stratos~)heric  issue. ‘1’he information and
cavcatsi]l this paper shou]d allow foramoreinformcd
group c) frcsearc}lcrs  to appreciate the quality of cur-
rcntly  available MI,S ozone data, and to proceed in
their  analyses with morcconfidcnce  (or morccaution
in so]rlc  cases). We look forward to providing  even
Imttcr  datascts from MI,S in the future, with ol)ti-
Irlu][luse  of this instrulncnt’s  capabilities.
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Appcnclix:  Combination of a priori and
xnmsurcnnent  information

Starting with measurements y with error covari-
allcc E, a]id arl assulnecl  linear relatio]l  (via weighting
functions K) to state vector  x (or n]ore accurate] y, a
li]lear relation Letwec]l departures of these  quantities

fro~n  true or a priori values), t}lc well krlown weighted
least-squares solution for z and its error covariance S
is:

&,/s = (K7’ ~;-] K) - ’  K“ ~- ‘ y, (Al)

$. L S ~ (K~’ ~-1 K)-l (A2)

‘Jl)e  above solution rrlinirnizes  the suni of the squared
residuals (y —.Kx)7  E–l (y– Kx). Also, give~l 2 esti-
II]ates Z1 and Zz ofquarrtity z,, with error covariances
.ql and S2,  the  rr}axirnurn likelihood (or optimum) es-
tinlate of z and its error covaria]lce S can be written
as:

z =: (s;1 + s;])-] (S;’*] +  S;1*2), (A3)

s = (s;’ + s;])-] (.A4)

If we l)ow replace, in the above 2 cquatiolls,  xl
a]ld S1 b y  a. and So (a priori estirl]atcs)  and Z,Z
ancl s2 by &Ls and sLs above (Lascc] on a set of
IIlm.surements  y), we obtain

& = (S~l+KT’l;-] K)-](S~]*a-t-K7’E-  ly) (A5)

& = (S’;]  + K7’~-~K)-l (A6)

‘J’his equation (SCC ltodgcrs,  1976) is the basis  for the
sccluc~]tial csti~[lation cquatiorls  used in the MI.S re-
trievals.  indeed, the above equations can be rewritten
ill a manner Inore similar to the ‘(scalarized”  equa-
tions (1) and (2) of sectioll 3, namely

& = x. + SOK7’  (KSa K7’ + E )- ]  (Y - y;), ( A 7 )

s u Sa -  Sold (KSOK7’  + -  E )- ]  KS. (A8)

where departures from a ]miori  state vector are now
cx~mxscd  as a function of departures froln a priori
radiances (y:).
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~’alj]c! 1. State Vector Componrmts  in h! 1,S Version 3 ltctrieva]s
—— .—. ” .——. ——. —

ltacliance  }Iand ltetricwcd  Co~nI,oner]ts Constrained Corn] )oncnts
-. .—.. . . . -—— —

111 ( 6 3  Gl]z) P*.,,, 1, v;” ~o,, ,0’”0, ‘r~, R>:, Ii.$, B

116 (183 G}lz) @@, ~:jl I’ta,,,  T, fll’o, 6X’, v, RI:, 11.s

114 (205 Gl]z) I’tan,  T, jll’O,  f 01800 , CM, 1), lip;, Rs

112/113 (205 GIIz) f
CIC~ , ~SO,,  jHNO, , I’*a,,, T, fO’(205),  f1120, f}{:”o,

?/;;; , Y$3 f
00180 , 6X, v, lip;, R.$

—.. .— ——- -—-—. .——. .—

Hold tyj)c indicates a vector (like T, f, V, and B), includir[g a quantity which hriss an updated value for each
scan ~)ositiorl  (like I’ta,,, y‘fj, and yl”n. RI; and 1{s arc updntcd  once lmr major frame (comp]etc  Scall)for  t}leir
cflcct orl radiances, hut orlcc pm minor frame (scan c]well ])osition) irl the a priori equation for tallgcrlt  ]messure
(SCC dmcr~pt~o],  m text). Mixir,g ratios (f) include the a~,pro],riate  spccim  as a superscript. Other quantities arc

. . .

dcfirlcd ill tile text.

‘JhlIle 2. l’;rror  Sources Affecting M 1,S Ozone Retrievals
— ——. — .—— —-

Error source
-.——....—.———.——--——-——

1. ]tadiance noise
2. }tadiarlc.c scaling error (includes radio~netric,  sicleband ratio, and line strength errors)

3. Error in filter sha~ws
4. Error irl 11’OV directioll  (relative to 63 Gllz radiolneter FOV)

5. llrror in FOV shape  (includes  sprxtral  dependence)
6.  J;rror irl ozor]e li~icwidtll

7. Retrieval IIurllerics
8. Error  contribution from a priori

9. Error in l’ta,,
10. Error in atrllos}dlcric tcr]]])crature

11. l’;rror  in dry air contimrurn
12. Error  irl knowlcclgc  of }120

13. hh-ror in krlowledge  clf 11N03
14. lkror in krlow]edgc  of NzO
15. l’hror  in kl]owlcdgc  of S02..—. —

C)thcr sources of error exist, but arc either implicitly included in this list, or considcmd  tc, be ~lcgligiblc (SCC
text). ‘1’lLc 11N03, N20 and S02 error sources were oz}ly applied to the analysis of 205 GIIz, ozorlc.



!Rible 3a. Estimated I’recisiori’ and Accuracy of Ml,S 205 Gllz ozone
— —-.————. . — —— .

UAItS Pressure l’rccisioll Accuracy
Standard l,evel (hl’a) (ppmv)

-—. —. - - - - - - - - - - - - - - - - -  .  l!:rce!’tl - - - - - - -  (p’’’’’v)–._  __!=’L

20 0.46 ‘“” 0.37 20 0.3 15
18 1 0.31 10 0.3 10
16 ?.2 0.23 4 0.3 5
14 4.6 0.2 2 0.3 ~

12 10 0.18 2 0.3 5
10 22 0.16 3 0.4 5
8 46 0.22 11 0.4 20
6 100 0.55 >50 >50

——--— ———. . . . . . . . . . . . . ..— — — .. —. —.— ——._— . .—.

* I’recisicnt given here is for individual l,rofilcs.

TtilIIc 31,. Estilnated l’recision” and Accuracy of M1,S 183 GIIz Ozo~ie

lJAltS l’ressure }’recisicm Accuracy
Stalldarcl  l,evel

-. . . .—.. . –.-__E!----------  .-!?::”!.. -- . . . .Ee’’:!..--..-–--!!)’)rnv)  -..._...@ZL.

26 0.05 0.3 55 0.5 >50
24 0.1 0.26 30 0.3 35
22 0.22 0.17 17 0.2 20
20 0.46 0.1 6 0.2 10
18 1 0.1 3 0.4 15
16 2.2 0.1 2 0.8 15
14 4.6 0.1 1 0.9 10
12 10 0.13 2 0.9 10
10 22 0.2 3 0.8 15
8 46 0.1 G 0.8 45

-———- -. . . . . . . . . . .—

* I’recision given here is for individual profiles.



F i g u r e  1. hfain spec t r a l  fcatur-cs  contril~utillg  to tl[c h41,S  racliarlcm  f r o m  the 205 C;lIZ ra-
dioll)ct,m,  for tyl)ical lclwer (46 h] ’a) arid up]jcr (4.6 Ill’a) stratc]sl)hcric  ~[lid-latitude  coIlclitic~ns.
S]xxtral  regions covcmcl for both primary ancl iltlagc siclehands of ballcls 2 and 3 (for C]()), and
I)and 4 (f’c,r ozolIe) arc i nd ica t ed  I)y vmtical  clasllecl liIIes. Spew.ics with sigILificallt  cn[lissioll  fea-
tures  are inclicatcc]. A sil!)ilar  cliagra~Il is given in l,ci)io~  cl cI/, (1994), fc)r  tlte 1120 ancl 183 Gllz
0:+ s]wcttal  features  ]Ilcmsurecl  l,y h41,S.

lJigurc 2. Sdlcv Ilatic c,f tlIC lJAIi  S hJl,S I[lcasurelllellt  g,rc~I[ictry. ‘J’IIc  (JAIiS  h! 1,S ol)servaticlns
arc Inade frolll lJcJillt S, wllcrc C[rtissioll  froln t he  cartll’s  at]nc)s]]llere  (e.g. ])c]iuts 1’1 al}cl 1’z) i s
rcccivccl, as tlIC h41,S  arltmlna sca~js ttlrc)ugh tljc lilnlj.

11’i~urc  3. Se])tcvlllm 7,011al  IllC!iill  cross scdion for  diIllatc,loF,ical 07,c,rIe (p],~nv)  used a.s a ])riori
inforlllatioll  (see text)  in tl!c ret, ricwal algc]ritll]ns.

Figurw  4. I;rror  ratic) (estiloatecl  over a priori) for M 1,S ozolte rdrievals at 70S ]atituclc  (thin
lines) a~ld at tile equatcm (thick li~les); solid lines are fc,r 205 (~llz results, clmhd liIles are for
183 C;1171 rcmlts (I>otl,  for Septe[nl)cr  17, 1992).

Figure 5. Averaging kerllcls (SW text)  of h41,S Version 3 cv,c]ne retrievals for (a) 20L Gl]z  and
(1)) 183 (;117,,

Figure G. Siljlulated  raclianczs aIId residuals for h! 1,S 205 (~llz ozone, “1’lle si]nulatiol}s  use
sIIIocJt,lIcd h41, S retrievals froln Se]). 17, 19!32 as input, ( “t,rutll>’ ). Avmagc results for a 10 clcgree-
widc latitrlclc IJi]l centered at 40S are slIowII. Signals  are illterl,c)latccl  c]~ltc,  tile h41,S  retrieval
])rcwsurc  gricl and slIc)wII  for tangent l,rcssures frc)lrl 0.46 111’a  (tc)]) left ]Iallel) dCJWII  to 100 Ill)a
(l)c,ttc,III  right pane]). Wbservecl”  racliallms  (l{) fro]])  tllc sylltllctic  profiles are clraw~i as solid
Iilicx vcmus  frqucn)cy  frorll tile rcmter  dlanl]cl  (ill Mllz);  c lashed lines ~ive tile “calculatecl’) radi-
atlc-cs - I):iscd cm rdricvals froll] the “c]lmrvcd” raclia)lcm -, altllc)ugll tile two radiance  curves are
oftcll iliclistitl~~lisllaolc 011 the srale  SIIOWD.  Jiadiancc  residuals (“c)lmrvecl”  IIlinus  “calculated”)
arc dis])layd al)clut tile IIc)rizc)]ltal ‘h-c)  l i ne” , basccl oII tile riglit-axis  scale (cxl)aIldcd  r e l a t ive
to raclizincc  scale l)y a factor  c)f 1 O).

Y’igurc ‘i’. Sall)eas Fig. 6, l)utfor hlI,S 183 G11zcJzolle (with diflerent  raclianccscalc,  l~ut still
a factor  cjf 10 cx])atldcd scale cnl tllc right  axis for rcsiclua]s).

l“i~ure  8. [;c)]ltc)ur  p]otsc)f  X2 statistics (gooclness  of fit, ) fc]r radiances iIl tllc 205 (;llz cw,cHIc
IJ:IIICI (Ieftpanc]s), and the 183 C411Z ozc)ne hand (rigt[t] )ands),  fc)r t,llesillllilat,eclc  latacliscLlssecl
iJ] rclatiru] to Figs. 6 and 7. J’alicls (a) and (l)) give zonal ]ilea]l values of X~li (SCC text)  versus
tallgcllt  I)rcssurr. l’wiels (c) zrllcl ( c l )  give 7,0nal ]I]call ~alucsof X~,La (smtcxt) asthcsc)lidlille,
with IIlil)ill]ulll al]cl IIlaxirlmlr]  values givcll I)y clasl Iecl llIIM.

Figllrc 9. (:olltc)ur l)lc,ts  (vmms  ])rcxsur-c and latitrldc)  c,f zc]nal ~l-lcall c)zc)lIc  si]rlulatiolls  f o r
h41,S  rctricvatsfrc)~n  t h e  205 C;lIZ I]arld.  (a) sirnulatccl “true” cjzclr)c (l I]jrIIv) (b) retrieved ozc)IIe
(I)])r,lv) I,ascd 011 asct C)flrlc,clcl radiar)ces  (wit,])  rloise), g;encrat<ccl  frc,rrl tl)e “true” ]mofiles (c)
I[]etirl diflkrellccs (]~pr])v) - retrieved ]Ilir,us “true” profiles - (cl) Illcall permit difTercrlccx; large
]wrccvltagc  cliflkrcrlccs exist  at 100111’a j)art,]y  l)ccausc Illixirlg;  ratic)scarl  lw v e r y  sIllall.

Figllre 10. hl:i])sofcmone  (~)])lllv)fc)r “true  ozone” (to], row)  alId rctrirvcd  ozoIlcfrc)r[1205  [;}Iz
silll{lliitiolls (I)c)t,tolr) row) - with realistic radial  ice ]Ic)isc - at 46, 10, arid 2 Ill)a (as irldicatd).

l’i~llrc 11. Sar[]e  as Fig. {], ]~~lt for 7,c~~la]  IIlearl  colll]~arisorl of sitnu]ated  C17C111C  frolll 183 (~llZ
lIalId  wit], “true” ozor,c (rlote that ],ressure scale cxtellds  to ().01 111’a).

k’i~urc 12.  l{adiarlccs  arlcl residuals fc~r h41,S  205 (illz cmc,ne irl tile 40S latituclc  l,ill 011 Se]), 17,
1992? (actrlal  data, riot a sirl]ulatic)~)).  J~orrr)at  usecl here is iclerltical tc) that irl Fig. 6.

IJiglln! Y 3. l{adiances aIId  residuals for h!l,S 2(lb (;IIz ozoIIe ill t}lc Ic,wcrroost,  strcitos]~llerc (46
111’a c)rl tlic left, 100 Ill)a olI the r i g h t ) ,  at 10S (tc]]] twcj })allels)  ancl 7 0 S  (I)c)ttorn  twc) ]mrlcls),  clrl
Se]). 17, 1992. l’or~llat  used llerc is idmltical  tc, that usd fc)r  cacll ~,allcl c)f Fig. 12 (arlcl G),
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Figllrw 23. Salllc as F ig . 22, but for ozcn)e frolll 183 (;117 hand data. ‘J’he last  three  e r r o r
sourms  (frol]l  I] NC):+, Nzo, arid S[)2) iri F ig .  22 arc ]lot ]jrescll~  fc)r  183 G1lz.

Figllrc  2-1. ‘lbtal csti~oatml ul)certaill(y fc)r  205 C;}l Z radiolllctcr  ozone. ltalIdoI,,  (clotted line),
systclllatjic  (da.~11-clot  Iihc)j and a ])riori error contributions (dashed lillc), alo]lg wit]]  tc)tal (rss)
ullc.crtailltics  (solid li~lcs co~l~lcdillg scluares)  arc ])lot, t,cd as a fulldio~l of ])ressure,  Alsc), tyl~ical
(glol)al rlns) uncertainty values given, in M 1,S Versiol,  3 data film are S} IOWI, as crosses (see icxt
for discxlssioll).  ‘1’0], I,a]ld  gives values ill ;J]>JIIv, altcl I)ottoll]  ])al]el is givmi  ill ]Jerccllt (of ~lc)lml
rl[ls I)rofilc  for Sq)tlellllmr 1“7, 1992).

l’i~urc 25. ,Salllc as Fipj.  24, I]ut fcw 183 (;IIz OZOI}C.

~j~ll~f!  26. ]Ildjvjdtlal  ])rOfile COIIl])arjSOIIS l) Ct,WCCll M]JS 20fJ (;]]Z OZOIIC’  ~11(1 C) ZOIIC’SOll(le  data

frc)l,, IIoulder  during  1992.  I)ata w,cre take], on tile followil,F,  dates:  (a) Ja),uary  3 (l,) A p r i l  1 7
([’) J~llJ’29 allcl (d) Octol,cr  8. Itxa,np]cs  of good cx,rrespol)da]lcc  lmtwcml tl,e two data sets are
SIIOWII (])alle]s (a) t,]lrollg]l  (c)), as we]]  as all exalrlIJ]e of all ll)lreso]vec]  ~)rol)]elll  jll M], S ret, rjeva]s
at 100 Ill]a (I)allcl (d)). MI. S data are co]iriect, cd solid circles wit])  estillnatd u]]certai~ltics frc)t[l
tllc (Vcmioll 3) dat,a film (SCC text); corrdativc so])dc  data arc given hy solid li]lc, wit,l] a sltadcd
u]lccrl:iitlty  of 5(!4,  (see trot). I )istal)ce (klo) a~lcl ti~r]e diflercnlcc (Ilr)  l~ctwml]  t,lle hl 1,S retrieved
],rcdllc  al]d tllc so]lclc data are itldicatd 0]] right  side of Cacli I,aliel.

l“i~urc 27. ‘J’illle-series co~o])arisoll betwcml  h41,S  ozone I nixing ratios (} J})Iov)  at 100, 46, 22,
alId 10 Ill)a (Imttoll)  ])a]lcl to to]) I)anel)  aIId Iloulclcr ozo]IcsoIIdc clata during  199’2 (42 cc>illcide~lt
]Jrofilcs  total); MI, S data are })lus sy~l]lmls  (d) with estil[latcd  urlccrtaintics  (see text) and SO]ICIC
data are clial)}c)llds (I)luc)  wit]]  Cstil[latcd ullcertailltics  (SCC text).

Figlll”c  28. S t a t i s t i c s  o f  cc,llllmrisolls l,etwccn M 1,S c)zc)]le  ])rofllm and coitlcidellt  IIcm]dcr
ozollmo]ldc data ]Ircsmlted  ill Fig. 2 7 .  (a) A v e r a g e  hlI,S OZOIIC  })rofilc (I)pl[lv)  - solid circles
COIIIICC[,NI  I)y Iille - arlc] SO])(1C  Ijrofile - tl)id line - (1)) Avcrag,p  difl’ere]]ces (])]JIII\~)  at, t,lle M1,S
retrieval  grid ])c)int,s  (100, 46, 22, arid 10 111’a)  - squares - allcl rl]ls diflcrellccs (p]nilv) - crosses,
alolig with tllc standard drviatiol[s  of tile diflercmccs - c)]wll circles - allcl tile estir[lated  rl)ls Iwe-
cisic)ll of t,]lc [Iiffcrerlces - solid circ]cs  (c) Salne as in (1)), I)ut as a ])crcmltagc c)f tile IIlcatl  Solldc
])rofilc,

l“i~llrc 29. ‘1’il,,e series cc)lo])arisc,ll  lwtwec]I MI,S c~zc,llc ~oixi]lg  ratios (p])IIIv)  at 100, 46, 22 ,
atld 10 111’a  (lmttolll  }mllcl to to]] ]Iallcl) allcl IIilo omllesollde  data during  19{12 (29 coillcidcllt
]Jrc~filcs iota]); forl[lat,  js S: IIIIC as for Fig. 27.

Fi~ur[: 30. Statistics of Cwll)parisol]s  Iwtweell  hd 1,S ozone ~,rc,filcs a~ld cc]illciclclit IIilc, c)zcnlcsollde
data ])rcse]lted  ill Fig. 29; for]jlat  is salllc as for Fig. 28.

}“igl~rc 31. ‘J’i][lc series co],)parisorl l~etwm~,  hfl,S cm)~le  ~[lixillg ratic,s (l)p]llv) at 100, 46, 22,
a]]d 1 0  111’a (Imttol,,  ~mi)cl  to to}] ])allcl) and Asccnwio~l ISIWICI  cMc)I,cwoIIdc d a t a  during  1991-92
(27 coillcidcllt  ])rc]filcs tc)tal); forlllat  is sali,e  as fc,r Fig. 27.

k’igum 32.  Stat is t ics  c,f colll]mrisc)lls l~etwccn hll,S  o z o n e  ],rofi]cs al]d coiricidcv]t Asce~lsio~l
lslall(l omllcso]lde  data ]~rescnlted  in Fig. 31; forlllat  is sal]lc as fc)r  l~ig. 28.

Figllr[! 33. ‘J’i][)c series corll})arisoll lwtwccli  hlI,S CWOIIC  ~I)ixiIlg ratios (I,IJIIIV)  at 100, 46, 22,
alId 1 0  111’a (Imtlo]ll  ])a]lel (0 to])  palir])  and IIray, zaville ozollmonde d a t a  clurill~ 1991-92  (2S)
coillciclc)lt ]]rofilcs total); forlllat is sal[le as for lrig. 27.

1{’i~llre  3 4 .  S t a t i s t i c s  c)f coln])ariso~ls  Iwtwm.]1 hfl,S om)le ],rofilcs and coillcidcllt  IIrazzaville
ozc)llesc)]ldc  data prcsrmtcd ill l;ig. 33; forillat  is sallie as for Vi!,. 28.

.



FiEurw 35.  ‘1’illle  series cc)m]mrisc]ll betwcml  MI,S OZCJ]IC  Inixillg ratios  (l)}n[lv) at 100, 46,  22 ,
aIId 10 111’a  (Iwttolll  ]mlel  to to] I paIId)  arid Gardcrl[lc]cll c170rIescIIIdc  data clurillg 1993-94 (30
coiltcide]lt, I)rofi]cs  total); fc)rlrlat is sal[]c as for Fig. 27.

Figul.c 36. Statistics of cw~])})arisorls bctwcc~l M 1,S cmc]])e ],rofiles and coillcidertt  Gardcrrllc]ml
ozo])esc)]~de data prcwmtd  in Fig. 35; forlllat  is sa][lc as for lfig. 28.

l“igurc 37. ‘J’i~rle series ccm~]~aTiso~l bctweml  MI,S OZO])C  ~llixillg  ratios (])])~l]v)  at 100, 46, 22, and
1 0  111’a  (lmttoIII }Iand  to to]) ])a~lcl) ant] McMurclc)  C17C111CSOIICIC  da t a  duri~lg  August tc) octc]lwr,
1992 (17 coillcidcv]t l)rcdllm tottil);  fc)r[[lat  is sarrlc as for Fig. i! ’i.

]“igulx! 3 8 .  S t a t i s t i c s  c)f cmr]l~~ariso~ls  lwtwecll  h41,S  OZO]IC  ~)rofilcs allcl cmillc.idellt, h4ch4urdo
ozoIicsc)Iide  data ])rcwcvltcxl ill l~ig. 37; for]rlat is sal[lc as for Pip,. 28.

l“i~urc: 3 9 .  latitude dc]~cncle~lce c,f tllc OZC,IIC cc)]lll)ariso~m  Iwtwm[,  hi 1,S 205 (;IIz  band d a t a
arid ozo]]cso~)dc clata, IIasccl ou tile a v e r a g e  clata ])rese~lted  in F ig s .  28, 30,  32,  34, 36, altcl
;Is. l;acll }HLIICI  ill a givml C.OIUIIIII  corrcspollcls to a difl’crcvit j)rcmure Icvcl ( a s  itlclicatd al)cwe
each [mnc]). 111 tile left colu IiIn, ave rage  h41X ]oixillg ratios (])1 Ns sylnl)ols) are cc)xrll)arecl to tile
avcriige SOIICIC data (c~lm)  dialooucls) for eadi of tile G sc)lldc locatio]  is. l;adl site is idmltificcl hy
lower case letters (first twc) letters of site llalne)  ill the hottc]nl left ])allel. ‘1’he rrlicldlc  colurnll
~ivw+ average (o]mll squares ) a~,d r~,,s (crosses) cliflkrel]ces  (hfil,S r[linus sc,rldc), in I)I)I,,v,  while
tllr right colutllli shows tlicsc diflcrerlms ill ]mccllt. We nave olllittcd  tllc 100 111’a  ])allel  c)ll tllc
l,ottorll  ri~llt,  sirlce ozorlc values get tocj sll)all to I)c satisfiactc)rily  colll])arecl iri perceut.

Figr,llrw  40. Statistics of co~nparisons Lmtwcml h41.S OZOIIC  I)rofilcs  arid coirlcideilt  [JV ],tlc)tor[~ctcr
lJlcasurclIlellts  fro~]l I]allc)on. Fc)rlllat  is salllc a s  F i g .  28. SlIow31  are tile average ]]rofilcs  a~ld
difli~rrllces, for hll, S a~ld LJ\~ pllotor[lctcr  data ol)tai[lcd ]Icar  33 N. IIal]cmrl  flights cmumd 0]1
91 Oct. 1 ,  92 h4ay 29, 9 2  SCII. 2 9 ,  93 h4ay 31, 93 SCI).  25, ar~d 94 L4ay 22 frc)l[i  rlcar F o r t
Sut])]lcr,  NCW  M e x i c o ,  a~lcl 011  92 Feb .  20  aIIcl  93 A])r. 3 fro]ll l)aggettt,  (;aliforliia.  h41,S  data
were gellcrtrlly  obtailld witllirl 12 hours of tile Jligllt, exccj~t fc,r tllc 94 hfay 22 flight,  WIICII UAIW
was ]Iot o]wratiorla];  all h41,S  ]Jrofllc  frol[t h4ay 24 was used ill this c.asc, wllicll is Ilot, ulLreasc)llal)]e
for tliis tiltlc  ]miod of low varizibility.

Nigurc 41. Average profiles (a~ld difl”mmlcc  qualltitics, as  dc)rle ill j)rcvious fi,e, rlres) for h41,S
IiIId ,SIJ,S data fro~rl :i tcltal c)f 5 ballooll Jligllts fro~[i  I)aggett,  [;a]iforll  ia, and Fort ,SuIllller, NTew
h!cxico. ‘I’lledatcs  areasiri Fig.40,  exm})tfortllc h4ay 1993 [i]Id 1994 flights, wlle[l tl,c SIX did

J’i~urc42. ‘J’i~]lc series corlll)ariso~ll)etw’cell h41,Sozo~lc rllixillgratic)s  (])]J]JIv)  at 10, 4.6,2.2,
all[l 1 Ill)a (I)otto]ll ])arld tc) tc~p ])arlcl)  and “1’al)lc h40untaill Fac i l i ty  (’I’hl  Ip) lidar  data durin~
19{)1-  1993, l~or~llatissa~Jleas  Fig. 27.

}<’i~[lrc:  4 3 ,  S t a t i s t i c s  o f  colol)arisc,ns lwtwecnl h41,S  CMO]IC  I)rc]files and cc)illcidc]lt lidar  d a t a
])rrsclltcd ill l~ig; . 42. l~orll)atissalllc as in l)ig. 28. ‘J’oofcw lidar  ],rofiles exist l,clow’ 10 Ill)a tc)
Iil:ik(’ r[lc:illirlgf(l  l statistical cc)lnj)ariscjrw,  so tIlc difl’ere]lccs  ill tile I)c)ttolll  ])allllelsclc] r]c)t illc-]uclc
Icvclh I)rlow 10 Ill’a.

IJigur(!  4 4 .  (k)[]lj,arisc]~l  c~f Versic)l,  3 h41,S  d[ita wit]} rcvmlt.ly uldatcd  software  (see text), fc)r
Aug,.29,  1992. ( a )  Zc)llal r[learl %cliflercllces  (lle~vrili]lusold  va]ucs)  fc]r 205 (.; IIZCMC)IIC, (1,) 18:{
(;}17, OZO]IC, aIId (c) m]lal  IIlcall ‘!4 cliffcrellc-cs f o r  cwolle 18:{ (JIIz IIlilius 205 (JI17 d a t a  ill tile
u]]clated softw:irc (tcj l)c Corll])arcd  to difl’cmrlces  slIowl  I ill Fip,. 20 for Versicl)l  3 h41,S  data).

1’igurc45.  ‘J’racle-c)ffl)etwecll  vertical resolutio]l  (ofretricval grid) allcl uncertainty ill 205 (;llz
OZO]IC  a( 46 Ill)a, “Jbtal u)lccv-tai[lty  (]J])IIIv),  for a 3 l)])]rtv a ]]riori errc)r, is ]~lot, ted versus retrieval
gricl resolution  (Icll)).
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Error  Characterization for Ozone (205 GHz)

10.1 “ ‘:, r ‘., 1
;/‘\

t
1

‘>% 0 y O.~ J

t

‘or ,“, ‘, I
1

7--=--- _________ ---
4 nn _-=_ -_ -

0.0 0 . 5 ? .0 f .5

Uncertainty (ppmv)

o.~i’’  r’’’’’’’’’’’’”’”” i-”..-
‘\

~
. . . .

i _-

~
i -  -  -  -  -..:--”--”.

0 7’ -------
4&

I f
J

I

d
J

I
.. . I. .

. .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1001 l,,,,,,,,,,,!,,,,,, I 1

c 1 0 20 3; 40 50

L!ncerto:nty (percent)



i?

— 1
.-T. ,._..T ..-,. . . . . . . . .

I
u-l
r - - F“-”-” T

,_.__.T--  -..T_.-._,_, - ,

~ ~

i
1.
I
1.
I
I
I
,.:s

“3

I E
- .

I
o-

\ a ?

k, p :; ~ ‘i

‘\ ‘ E (,. -.
c1 (,

‘\ ‘ +LJ
x ‘, / r,0) :;

: -J

1/
;( /,/,,ln: : ;., u, ‘\, / o 3 \ “.

x I ./(<

r!

,. ,/’ i:/’ I \ “, ‘
/’ x I \ ‘, x -x”-; : -: zI‘\. % -, \ ‘,,

\ ‘... xx ,’ :
X’. = . . . . . . . . . . . ../~.”””””’’$”’---

.-\ ‘. / ,.”’. .\ \ . . .\ / . . ...=
Ld.– .1 . . . ..J._. 0. ‘ - d::l.__l___-. “___ 1.—L.’ t“ -’1-—.

.— c1 c) o .- .— 0 0
0

~-– c) C5 .- C)
. r–



o 0
r o

(Dd~) aJnSSaJd

,_.__—T-—_ ,

0

al

o
“+:.

c?
cmc*x..—

“5

CN

0 ,______________  ,Yh----]  o
0 0
r- 0

r-

(Dd~) i3JnSS~Jd

——

t

l’!
++—
-.-.-.--–d -.—— .L

0 0*. 0

3
. .

0
0
0
0

(Dd~)  aJnssaJd

—
e-

–-————-~-~-”--”
— — .

- ~=.. _____ ..-.>.————.. o
0 0 c)

o 0
0

(Dd~) aJnss~Jd ‘“



1-
1 0 . 0  hF’a

‘1-T17-T7-lTT~-m-ll~~  T-I-[-i-T  l~TrTn  qm~p r ,T p-TTI TT-1-r7-i-l-r-r-T- 1 I T-T-l l~,pr 1 rn

10 I -1

8

d.ul_kLllJL_

0“

1 1 0 1 3 0 1 5 0 1 7 0 1
1...11.1

.,,

I.1 LL-1
:102107302:)0270290310 330350370390410430450  470490

UARS CiOy

Ej.m



1

10

100

1000
0

1

10

100

Boulder ozonesonde and tvi LS
Average Comparisons (42 profiles)I I r I I I r 1

1

I

I I I i 1 ! I I 1 ! I

L1
[

1 1 1 I 1 I 1 I

1
!

I 1 1 I 1 ! 1
I

1

10

~o

I I I 1 r I r I I

c
r

8

i I I I I r [ I I

3EI
I@

● E

i

1 I ! I I
I

I I t t I I ! I t f !

–1.0’ –0.5 0.0 0.5 1.0 –lo –20 o 20 40
Differences (ppmv) Differences (%) fig ,28



I

IlJJ-1.ud&A.ul,J-LLdl.J_,.l..i.,.-LL..L-i.,.J  ,, (d ,.,...1

1 1992
I I

J “F M’A’M’J’J’ *’$--’-O-L-N’.

FL-w
0’



r%
●.>

Ll-

(n
CD—

.—
w--

-WC

0—.—
1

s--- 0
Y

(Dal@

I

—
0
c1
0

0

‘3
E
Q..
Q.

I I

x
0
●

i%i — ——- I
•1

J

I 1
~y 0 0 0
0 - 0 0’

. -- T--’ 0
e
0

----

c. --

(Dd~) a.Jnssa-ld

1=
x
El

_ .—

—

.

x
08 :

● c1

•1

T ’ - 0
T--

c)
0-

~JflSS3Jd

0
‘d-

o
r--

o
0

m
o

I

o.

7



kl I I

2.0

F)

o 0 . 5

0.0

1- -,
-1

1,

I
I I

k,.l.llku..,l.b.,~l+l A AMJALL,L1 ,& WI1.’.1 hi 1 ‘l LL.LJ  11111 11.1. dJ-11 ALJWL J
?0 40 60 80 10CJ 1 2 0 1 4 0 1 6 0  180?0022[  ) 2 4 0 2 6 0  ?803003203.40360380400

UARS 0C1%



u)

‘–”—---r---~ w
T--

X
0
●&iti●-___ —____—-——_

.—
I I

0
m
a)

0$?

o

l - - 0
1---0.—

-k-J

f):
- J - ’ - 0 ’

OL
c u -

Zm
c.—c+

u <.
T---

u)
0“

0—
0“

u)

0“
I

0.
l--

‘3
E
%-

I ●--- .—— _ ._ 0-— ___ ——

0

G-.—
a

–-—-----L_-



1

/.
>2
L
0
r-l..-.

0“

c1

L,LULJULULJ , .,.,J ,.,.,1., J.,.., IuI~Ju,’I , ,,.I  ,.,,1,.,,. I 11-1111.1 1.[ J 1

20

0

.—

40
J 1.1.11

1 !

60 8[) 100 1?0 4,40 160 180 200 220 740 ?60 ?80 300 3?0 340 360
lJARS  d a y

1991
1

lcJcJ~
I J I I I 1 I I

N D’J”-’F M A M ’ J J “ A



u

a)(f)
C*L
Ou
No
o E
(DC
=C.—
“>
0
N
N
p

m

---—-—r–-–_l’_’_”––

_._——J—.—
0
0

)o
0
0

X)
/

\

0

~.—-–-r \, I

t._._—— -
r-l J-

I

c1‘i.%
- 1

-0
F

I —
L L. — e.

c)

c:. -.

(Dal@ aJnssaJd

L

a)

t

x
❑
0
●

—.
●

.__f~_____

R

.-. -—-—–l–––––r––––––
: F= -~ 0

CY
! -

-

•1
●

_-. — ————  .—

* ~~ 1
T - - 0 0 0

r-- 0 0
T - - 0

❑

L- o.



21.5

[T
/3 ;Trr ‘T~,-~r”lTT~””TTl”l-l  “l”T lTIT-lTTl~l

~~

“>’ 4
E
o
Q

o“

‘12 lJI

I
l-l 1

“>- 2
E
o0._/

0“

0.111
51

{’- J!1,

JLJL

UARS dOy

1 $]CJZJ

) I I I I I I 1 1 ..–

F ‘M IA’MJ J A s 0 N D J F

ws-



‘o

c)
N
o

E
L

:

0

o
l - -

..— —
I I

. ..—__L___ I
0
0
0

Lo

+-

CN

I I ‘1
Y o 0 c>

r--- 0 c>
-r- C>

w.
m (Dal@ ~JnSSSJd

“x. ---
>

c?
(2)

●

El

-—1————1——

[]

?5
?$.

hid III

.—— _—— —

?5
❑

. . ...?!
L%

C&

0 .
x---

w)

0

0 .
0

l-n
,0

1

c
T--

Y---

(Dd~)

0
0
0
r

c1
Cl_

I



.
10.0 nF’a

~ ~r~- T ~ ,. —..7=. ~
f

,  ,..-,T“-T”l  T - - ” - l  “] T“”--”l-- 1 “ 1- ” - 1

21.5 hPo

.1

q--l 1 - ” 1 1 ”  T - ” - T  ‘~”-T”m- I--T “~- “l–T--- [ ~- T  ‘ T- ” T -” - - -~ T -

8 -.
. .

T-

T---
1

1I.....L 1..1 . ..J 1 _..l –J

E I 1 ’0 --- l-–~.~d-.d --1. -4--1 _l. ..l_l. . ..l.J..A-J... ! .1 _J .L.l  ._.l.J-Lb.l.-J~.
J

100.0 hPa

340 350

(r -

o
+J_ .II

360

~-”’” ‘-T~-’-T--T

—

YI:.-.LL.. . 4 . . . , .  JJLL.-l~J
!<

370 380 390 400
UARS dOy

s

1992

0

J J... 1.. & 1L —..1



mc

a)-

0
O(J

m

<

A

. ..__.l__— I
0
0

u)

d-

(W

0
0
0

c1

0
d-

@@

---6 .fi--

S’ -

E. -

c1. -
cl. ,

I I
--- x+

cl-

63
*:

.
●

_. .U -
-,

.—

I I J
7 0 0 c)

- 0 c)
T-- c)

v-

CJ

I

R

. “L—
c1

0 .
r-

o.

7



2

1

0

1

–2

Avg. Mixing Ratio Differences(ppmv) D i f f e r e n c e s ( % )

+-
0

?

0
i 0

1.0

0,5

0.0

0.5

1.0

1.0

0.5

0.0

0.5

1.0

10 hPcl
2

1

0

-. 1

-?

22  hPcl
‘-~ “ ’ — ’ l — ”

1
,

[- -~~--]-~-)

/:

;
1

1

LLLLLULI..L1AL

46 hF’a

40

20

0

- 2 0

- 4 0

‘rI ‘rrrrq Trrrm-,7 4 0

( 1-2- X’20

“-””----”””-1” ~-’-””1-

1
0

1 I
[ 1 - 2 0

An

10 hPcl

[1

l-p-lrrr~rrrr-pl

w

/

.

L -—-
1’1 —

LLL.LLI-L.J-LLLLLL1.

100 hF’a

~-l,mq
1.0 , p – l - l - q  - r r T - T - p -

.

0.5 .
I

[1
0.0 f .  - . - , . .

0.5

1.0 L...l.].]..  .M._L_L..b-

22 hPcl
1 I 1 1 “ ’ ’ 1 ’ ’ ’ ’ 1 ’ ” 1

4 6  hPo
~’---’~- ‘“

xx 1
x x----------41u‘Id---- .—

1

I I

1-U-LLL..-. .I..L tiJ._l_LL

- 5 0 0 50 --50 c) 50
Latitude Latitude

F-;7.35



(.J
~—

03

u)

d-

C’N

0

❑ ✎

u h:- .. —. ——— ——— .——. —

T
E
(3.
0 .

w y - - 0 0 0

0
T— 0 0

. -- ~— 0
-+-J

o
Y--

c. -.
_T–—

—

x.-
EI
c

I I

-1-

6’
m
6

●

6
!2

. . ..--... 0
0

l-c)

0
I

0 .

7
l—— 0 0 0

x-- 0
- -

0
0
v



Balloon SLS Data and MLS
Averaqe Cotmpa~kons (5 p r o f i l e s )

I I ,

t

I1 o--

1 co p

IOoo! , f 1 I I t I f r ! 1
I 1 ! I 1 I

o

0.1

2
d

! 1 I I 1 1 ~ ( ,
I

I
I

7oo - ~
_i

❑ ❉❑  - y J o

●

●

. . . . l,, ,,!

0.1

a)
L 10

m~g, :,; ,:: ii,,

–1 .0 –0.5 0.0 0.5 1.0
~;ffe~ences [~pnlv)

!
1

I

,

,! 1000-

8

1 1 1 , 1 1 I [ I 1

l ’ ”
1

❑ 1

1
●

— E

—

—

,,, ! 1,, ,

❑

f,,,!,
II!

–40 –20 o 20 40
D i f f e r e n c e s  (%)



1.0  h[’a

.
r-.

o

l“T T T ]-1 ‘r 1“  [7-T-I

2. ? hF)cl

~1,,, LLLLLLU-LLLLLLU  .1

--T-T

.
-1

4 ;J..Lu_l_u_LLLl_lL_dJJL_l4JLLL.LLLLL

L-.1 -1..lLul..JJd_l.  lLL  J .LLLL1 3

T7-r~TTl-TI–l–l–lT-T  r~- ~T~

“]-1””T7TT  “TTT”TT-r-rl-”””T  T~___U-TT~r

d

iLIU...LJIL~l~l-.  I I I I J I.JJ ~.I

4 8 0  52(3

I$)gl

I 1992
I 1 1 I I I I I I I I i

S’0 N D ‘J F M A ‘M’J J A S O N O J
I



n
u-)
a)

“c f-r)
O(J)
L-
QCD

CD”
001
L

a)

2

—.
‘--–T__———r————

_.—

0-

m

E*Q
or
;0. --
-+-J

c?
u)

r. --
x

(--3 L-

T--- c1 c)
v- C)

Y--

If?
o.+

on

CNN!

Ovl
0:

o.

I I jl
T- T - - 0 o–- 7 c) c)
6 T--- 0 0 v- C>

T--- l--

(Dd~) ~JnSS9Jd (W-1) aJnSS~Jd



(a)
~,1,  ... !., !.-., r.. ,...,l, ,.. ,. l.,

I i

11 0 0 ,  . ,4 ,  { , . 1 . ,  .,, ,,1 s,,,,.. I
-80 -60 -40 -20 0 70 40

LAIIIUO[ (d~grces)

(b)

r0.1 -—” --”” ‘-”-—’ - “ ‘ “’ “’ “ “–’ -–’--”–r””’  --1

100.1, ,,, ,, .,,,, ,., .
- 8 0 - 6 0 - 4 0 - 2 0

lATITUO[  (degrees)

O1,.  .---.., . ,----  , .-. . , . .-T

t

,., ,. ,,
;

I
20 40

(c).,–. .-. T...- . .

1

1001. .,, .  ..!. ..(. l
-80 -60 - 4 0 - 2 0 0 20 40

lAIIIUIIC  (degrees)



-c
a)

-+J

2.01

1.5

1.0

0.5

0.0

— ——

c o n

m

c

~ “-T” —————”-----l-----
.0
:4 ~ 7;Vl
:0

, _..

:C.)
:0
:>
{.!)

i’-) .L
:4,
: a)
;CK

O  p r i o r i
: v)
;>

ribution’i, in
\ :*.J

‘\ :>

\

easurem

ontribution ;\’ ,

-. —-- -— .-., 1-.
o’

F<etr

2 4

eval’  Grid F?esolution  ( k m )

6


